INTERNATIONAL JOURNAL OF

CLINICAL MEDICINE
& PHARMACOLOGY

Volume 1
Number 2

ISSN 2759-8756 February
UZp I €S S| 2025




Journal Statement

1.

The opinions expressed in articles published in the Journal of Global Trends in Social Science
(JGTSS) are solely those of the authors and do not necessarily reflect the views of the editorial
board or the editorial office.

. The journal reserves the right to edit and revise submitted manuscripts as necessary. Authors with

specific requirements should state them upon submission.

. JGTSS supports an Open Access policy, making all articles freely accessible to the public. Users

are permitted to read and use the content provided the original authors and source are properly
credited, and the content is not used for commercial purposes.

. The journal holds the exclusive right to publish all accepted articles online. Authors are required to

ensure that their submissions are original and not under consideration elsewhere. Any objections to
online publication must be stated at the time of submission.

. JGTSS is indexed in CrossRef and Google Scholar. All published articles are assigned a unique

DOl to facilitate citation and academic dissemination. Authors who do not wish their articles to be
indexed should notify the editorial office upon submission.

. All articles published in the journal require prior authorization from the authors. Reproduction, trans-

lation, or compilation of any published content must obtain written permission from both the editorial
office and the authors.

. The journal accepts submissions exclusively through its official website: https://press.jandoo.ac/

journal/jgtss. Due to resource constraints, submitted manuscripts will not be returned. If no decision
is communicated within three months, authors are free to submit their work elsewhere.

. JGTSS promotes academic integrity. Authors are responsible for ensuring the originality and accu-

racy of their work. Any detected plagiarism or academic misconduct will result in retraction and po-
tential legal consequences.

Editor-in-Chief

Huarui Bao

Hiroshima University, Japan

International Editorial Board

Chengwei Feng Tong Zheng
New Zealand University, New Zealand Sun Yat-sen University, China
Zhenijie Yu Ruiyang Hou

City University of Hong Kong, Hong Kong SAR, Jiangnan University, China
China

i
=
=k
¢)
A
=
)
=k
o
(o)
=]
)]
el

b
(@)
=
2
=]
Q
el
(@)
(=N
Q
-
=
jmle
Q
Q
el
3
o F
mle
Q
mle
=]
¢)
Ro
i’
=3
)
5
Q
Q
(o)
| =
o

Q

<



https://press.jandoo.ac/journal/jgtss

Contents

Effects of Perioperative Implanting Intra-Aortic Balloon Pumps on the 1
Prognostic Indicators of Coronary Artery Bypass Grafting Surgery Patients:
A Retrospective Study

Chunlou Wei, Jingxiao Li, Weijun Li, Shenhua Qin, Ting Zhou

The Feasibility of Dissolving Phlegm with Oil Method and the Theory of 1l
Traditional Chinese Medicine

Yue Wang, Liping Yin

Clinical Significance and Potential Signal Pathway of Upregulated Pituitary 17
Tumor-transforming Gene 1 in Metastatic Prostate Cancer Based on
Bioinformatic Methods

Jingxiao Li, Kunlin He, Gushing Li, Huafu Zhou, Jun Liu

Delayed Foam Rolling Outperforms Immediate Application/ Mechanistic 28
Synergy with Post-Exercise Repair Phases Reduces DOMS and Restores
Muscle Function

Chunlou Wei, Jingxiao Li, Weijun Li, Shenhua Qin, Ting Zhou

Associations Between Urinary and Blood Heavy Metal Exposure and Heart 36
Failure Risk in Elderly Adults/ Insights From an Interpretable Machine
Learning Model Based on NHANES (2003-2020)

Yuting Yang, Shan Deng

Identification and Management Strategies for Low Cardiac Output Syndrome 49
After Cardiac Surgery

~
Lo
AN
o
(Q\|
P
[
(o]
=
[
s
P
—
(Q\|
-
Q
Q
£
=
&
=
Q
£
=B
O
—

Jingxiao Li, Chunlou Wei, Jianlin Wen, Ting Zhou

Integrated Traditional Chinese and Western Medicine in the Treatment of 56
Heart Failure with Reduced Ejection Fraction Combined with Variant Angina:
A Case Report

Siqi Li, Xiaowan Han, Lanjun Kou, Diying Zhang, Guozhong Pan

NADPH Oxidase 4 in Prostate Cancer: Expression and Potential Role in 67
Ferroptosis

Kunlin He, Jingxiao Li, Gusheng Li, Guangiang Yan, Xiang Gao, Huafu Zhou, Jun Liu

Call for Papers 80




International Journal of Clinical Medicine & Pharmacology

[Ep T es s

https://doi.org/10.70731/sxp64528
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Bypass Grafting Surgery Patients: A Retrospective Study
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a The First Affiliated Hospital of Guangxi Medical University Cardiothoracic Surgery Intensive Care Unit, Nanning, Guangxi, China
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ABSTRACT

This study evaluated the effect of intra-aortic balloon pump (IABP) usage on
clinical outcomes in patients undergoing coronary artery bypass grafting
(CABG). A total of 258 patients were divided into two groups based on peri-
operative IABP implementation. The analysis included serum biomarkers,
echocardiographic parameters, and hospitalization details before and within
72 hours post-surgery, using t-tests and x2 tests as appropriate. The IABP
group had higher rates of left main artery stenosis, greater use of bridging
vessels, and higher preoperative New York Heart Association (NYHA)
grades compared to the control group, while showing lower extracorporeal
circulation usage (p < 0.05). Postoperatively, the IABP group demonstrated
increased levels of myoglobin and pro-brain natriuretic peptide, longer venti-
lator support duration, extended intensive care unit (ICU) stays, larger left
ventricular end-systolic and end-diastolic diameters, reduced left ventricular
ejection fraction, and higher hospital mortality and ICU readmission rates (p
< 0.05). These findings suggest that while IABP may improve certain pre-
operative parameters, its perioperative use is associated with significant
changes in postoperative prognostic indicators.

1. Introduction

Recent research has highlighted coronary athero-
sclerotic heart disease (CAHD) as one of the most
common cardiovascular diseases, contributing to high
all-cause mortality rates in developed and developing
countries 1. Coronary artery bypass grafting (CABG)
is considered as an effective treatment method for
improving cardiac blood supply in CAHD patients,
significantly extending their lifespan and enhancing

their quality of life 2. However, patients undergoing
CABG often suffer from hypotension, cardiogenic
shock, and postoperative low cardiac output syn-
drome during the perioperative period. In cases
where patients face a poor prognosis, intra-aortic bal-
loon pumps (IABP) are often inserted into their de-
scending aorta to improve peripheral organ perfusion
and coronary blood supply 3.
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Being the earliest and most widely used mechani-
cal circulation support device, the IABP, with its ease
of insertion, offers rapid availability and relative af-
fordability 4. Nevertheless, despite its historical appli-
cation in improving cardiac blood supply in various
heart diseases, |IABP is no longer the primary choice
in the majority of cases due to the increasing use of
emergency percutaneous coronary intervention and
other new mechanical circulation support technolo-
gies, challenging its status in treating cardiogenic
shock caused by CAHDS. Consequently, opinions on
its active use remain divided. Apart from its recog-
nized benefits in reducing the use of inotropic agents
and the risk of renal replacement therapy, the IABP
may also potentially induce or exacerbate adverse
cardiovascular and cerebrovascular events 9. ). Nu-
merous current studies have treated patients who
underwent CABG with and without IABP during the
perioperative period as a homogeneous group, with-
out considering the unique characteristics and clinical
situations of each subgroup during this period. As a
result of this approach, significant differences were
observed in certain postoperative indicators between
the two groups. Therefore, to objectively evaluate the
role and significance of IABP in patients undergoing
CABG surgery, a comprehensive study encompass-
ing hemodynamics, cardiac ultrasound, and prognos-
tic indicators before, during the perioperative period is
needed.

This study collected and analyzed data on hemo-
dynamic, cardiac ultrasound, and prognostic indica-
tors from 258 patients during the perioperative period
of CABG to ascertain the impact of IABP usage on
these indicators and the patient's prognosis.

2. Methods

2.1. Ethical Statement

The present study had been approved by Ethics
Review Committee of the First Affiliated Hospital of
Guangxi Medical University (approval number: 2023-
E188-01). All patients are aware of the purpose and
method of this study and have signed an informed
consent form for sample use.

2.2. Sample Source

The current study received approval from the
Ethics Review Committee of the First Affiliated Hospi-
tal of Guangxi Medical University (approval number:
2023-E188-01). Samples were acquired from the De-
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partment of Cardiothoracic Surgery, the First Affiliated
Hospital of Guangxi Medical University. Inclusion cri-

teria comprised the following: D Visits between Jan-
uary 1, 2018, and December 31, 2022; (2) Patients
diagnosed with CAHD who underwent CABG
surgery; (@ Completion of all or part of the required

examinations; @ Admission for treatment based on
CAHD as the primary diagnosis, excluding any other
secondary diagnoses; & Age range of patients be-
tween 18 and 80 years. Exclusion criteria were as
follows: (O Simultaneous performance of CABG

surgery with other cardiac surgeries; @ Patients re-
ceiving invasive treatments (including mechanical as-
sisted circulation, other cardiac surgeries, etc.) prior
to this CABG surgery. All patients were informed
about the purpose and method of the study and pro-
vided signed informed consent for sample use. Ac-
cording to Chinese guidelines, patient evaluations
included dopamine dosage, cardiac output, mean ar-
terial pressure, left atrial pressure, central venous
pressure, urine output, and peripheral circulation 1°.
IABP-assisted circulation was immediately adminis-
tered when patients met the indications for using
IABP. Senior surgeons discussed treatment options
for all cases (including whether to use extracorporeal
circulation during surgery, timing of IABP usage, etc.)
to ensure maximal benefit for patients during the
treatment process. The study collected data encom-
passing age, height, weight, sex, smoking history,
hypertension history, diabetes history, hyperthy-
roidism history, cerebrovascular accident history, my-
ocardial infarct history, cardiac pathology, New York
Heart Association (NYHA) classification, myocardial
enzyme index, electrocardiogram results (including
arrhythmia and ST-T segment changes), cardiac ul-
trasound results, CABG operation history, IABP us-
age, and postoperative hospitalization. CAHD pa-
tients were categorized into IABP and control groups
based on whether they had an IABP during the peri-
operative period of CABG.

2.3. Data Analysis

The collected data were organized, and any out-
liers (such as samples with significant missing values
or misclassified data) were excluded. Various meth-
ods were used to analyze the included indicators
based on whether they represented categorical or
quantitative data. Quantitative data encompassed the
patient's age, height, weight, percentage of left main
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Table 1 | Comparison of preoperative and intraoperative quantitative data between the IABP group and the

control group

Control group IABP group
Variable t p-value
N M SD N M SD
Age 150 60.000  9.991 108 60.917 8955 -0.759  0.449
BMI 145 24.845 3.482 105 24.064 3.413 1.766 0.079
BSA 145 1.699 0.172 105 1.665 0.187 1.470 0.143
Stenosis degree of left main artery 110 31.773 36.451 78 51.256 39.564 -3.485 0.001
CK before CABG 146 106.178 73.393 106 88.745 71363 1.883 0.061
CK-MB before CABG 146 15.062  8.981 106 14.446 10.869 0.491 0.624
Number of bypass vessels 149 2.698 0.852 108 2.917 0.799 -2.107 0.036
Left ventricular end systolic diameter 76 35.829 7.915 58 38.328 11.112 -1.454  0.149
Left ventricular end diastolic diameter 76 53.026  6.827 58 54276  8.577 -0.911 0.364
Interventricular septum thickness 76 11.368 1.495 58 11.224  1.464 0.559 0.577
EF 76 59.658 11.004 58 56.362 15.236  1.393 0.167
(010) 75 5.580 1.455 58 5.610 1.645 -0.113  0.910

IABP, intra-aortic balloon pump; N, number; M, mean; SD, standard deviation; BMI, body mass index; BSA, body surface area; CK,
creatine kinase; CABG, coronary artery bypass grafting; CK-MB, CK myocardial band; EF, left ventricular ejection fraction; CO, cardiac

output.

artery stenosis (obtained from digital subtraction an-
giography and independently evaluated by two senior
radiologists), myocardial enzyme indicators, number
of bypass vessels, postoperative hospitalization, and
cardiac ultrasound results (including left ventricular
ejection fraction and cardiac output). To compare dif-
ferences in these indicators between the IABP and
control groups, independent sample t-tests were
used. The patient's gender, smoking history, hyper-
tension history, diabetes history, hyperthyroidism his-
tory, cerebrovascular accident history, myocardial in-
farction history, three-vessel lesions, extracorporeal
circulation, and electrocardiogram results constituted
categorical data, for which x2 tests were employed to
compare these indicators between the groups.
Additionally, to investigate the impact of IABP on
patients' myocardial enzyme indicators and cardiac
ultrasound results, eight metrics were used for follow-
up analysis: creatine kinase (CK), CK myocardial
band (CK-MB), serum troponin |, left ventricular end-
diastolic diameter, left ventricular end-systolic diame-
ter, interventricular septum thickness, ejection frac-
tion, and cardiac output. These indicators were col-
lected pre-operation and after 72 hours. Paired sam-
ple t-tests were conducted to examine changes in

various indicators before and after surgery within
each group of samples. Subsequently, a two-sample
mean t-test was used to assess differences in the in-
dicator changes between the two groups. Data analy-
sis was performed using IBM SPSS 23.0, and a sig-
nificance level of p < 0.05 was considered statistically
significant.

3. Results

A total of 258 patients underwent CABG surgery
from January 1, 2018, to December 31, 2022. Among
them, 108 patients used IABP during the periopera-
tive period, while the remaining 150 did not. Analysis
of preoperative and intraoperative indicators revealed
significantly higher stenosis in the left main artery (p =
0.001), increased use of bridging vessels during
surgery (p = 0.007), and elevated preoperative NYHA
classification (p = 0.006) in the IABP group compared
to the control group. Conversely, the frequency of ex-
tracorporeal circulation during surgery was notably
lower among IABP patients than in the control group
(p = 0.002). The remaining preoperative and intraop-
erative indicators did not display differences between
the two groups (Tables 1 and 2).
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Table 2 | Comparison of preoperative and intraoperative categorical data between the IABP group and the control

group
Term IABP group Control group p-value
| 12 23 0.026
1] 46 65
NYHA 1 32 45
\Y) 10 2
Sex male 87 21 0.891
female 119 30
Smokin Yes 58 81 0.917
9 No 50 68
Hvpertension Yes 61 95 0.238
yp No 47 54
. . Yes 34 46 0.917
Diabetic No 24 103
. Yes 1 3 0.487
Hyperthyroidism No 107 146
] Yes 11 18 0.635
Cerebrovascular accident No 97 131
Yes 20 27 0.935
AMI No 88 122
Triple vessel lesion Yes 92 115 0.116
P No 15 32
Yes 54 83 0.335
| . .
Unstable angina pectoris No 54 65
. Yes 14 23 0.622
Arrhythmias No 40 54
. . Yes 25 59 0.006
Extracorporeal Circulation No 83 90

IABP, intra-aortic balloon pump; NYHA, New York Heart Association; AMI, acute myocardial infarction

Examination of postoperative indicators indicated
that the IABP group exhibited markedly higher myo-
globin levels (p = 0.045), pro-brain natriuretic peptide
(pro-BNP) levels (p = 0.015), and longer ventilation
duration (p = 0.006) and intensive care unit (ICU) stay
(p < 0.001) compared to the control group. Moreover,
the left ventricular end-systolic diameter (p = 0.039),
left ventricular end-diastolic diameter (p = 0.023),
hospital mortality rate (p = 0.027), and frequency of
ICU readmissions (p = 0.019) were significantly high-
er in the IABP group. Conversely, the postoperative
left ventricular ejection fraction was notably lower in
the IABP group than in the control group (p = 0.034).
The remaining postoperative indicators did not
demonstrate differences between the two groups
(Tables 3 and 4).

In addition, independent sample t-tests were con-
ducted to analyze changes in myocardial enzymes
and cardiac ultrasound indicators. The improvement

rate of left ventricular end-diastolic diameter was
found to be significant (p = 0.041). However, no dif-
ferences were observed between the IABP and con-
trol groups for CK, CK-MB, serum troponin |, left ven-
tricular end-systolic diameter, interventricular septum
thickness, ejection fraction, and cardiac output (p >
0.05) (Table 5).

4. Discussion

The current study initially compared the preva-
lence of preoperative cardiovascular disease be-
tween patients in the IABP group and the control
group, investigating the potential impact of these dif-
ferences on surgical outcomes. The results revealed
that the average degree of stenosis in the left main
artery and the NYHA cardiac function classification of
patients in the IABP group were significantly higher
compared to those in the control group. This sug-
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Table 3 | Comparison of postoperative quantitative data between the IABP group and the control group

Control group IABP group
Variable t p-value
N M SD N M SD
CK 138 655.935 484.626 105  782.038 778.033 -1.459 0.146
CK-MB 138 26.732 24.450 105 26.152 17.454 0.206 0.837
CK-MB/CK 138 0.046 0.053 105 0.044  0.025 0.319 0.750
Serum troponin | 40 3.290 7.365 39 3.195 12465 0.041 0.967
Hypersensitive troponin 124 244712 850.639 97 136.231 313.263 1.194 0.234
Myoglobin 84 332.433 366.263 63 517.372 647.069 -2.037 0.045
Pro-BNP 141 1167.958 1762.393 105 1930.139 2865.560 -2.407  0.017
Duration of ventilator 149 32.106 38.891 108 62.258 93.557 -3.157  0.002
Duration of ICU 150 64.344 58.943 107 111.296 90.777 -4.691 0.000
Left ventricular end systolic diameter 77 33.779 6.882 56 37304 9417 -2.377 0.019
Left ventricular end diastolic diameter 77 49.117 6.356 56 52.286  8.051 -2.443  0.016
Interventricular septum thickness 77 11.416  1.321 56 11.250 1.297 0.719 0.473
EF 77 59.533  8.405 56 55.232 13.062 2.160 0.034
CO 75 5.705 1.359 55 5.986 1.622 -1.069 0.287

IABP, intra-aortic balloon pump; N, number; M, mean; SD, standard deviation; CK, creatine kinase; CK-MB, CK myocardial band; Pro-
BNP, brain natriuretic peptide precursor; ICU, intensive care unit; EF, left ventricular ejection fraction; CO, cardiac output.

Table 4 | Comparison of postoperative categorical data between the IABP group and the control group

Term IABP group Control group p-value
. . Yes 8 2 0.031
Death in hospital
No 100 147
Yes 24 50 0.207
ST-T segment changes on the ECG
No 23 30
. . Yes 7 2 0.065
Retracheal intubation
No 101 145
. Yes 9 3 0.019
Re-entering the ICU
No 99 144

IABP, intra-aortic balloon pump; ECG, electrocardiogram; ICU, intensive care unit.

gests that patients in the IABP group had diminished
exercise tolerance due to reduced cardiac blood sup-
ply. To enhance postoperative quality of life, an in-
creased utilization of bypass vessels is recommend-
ed for CABG surgery. Thus, it can be inferred that
observed patients undergoing IABP application dur-
ing the perioperative period presented with a relative-
ly suboptimal baseline status characterized by insuffi-
cient cardiac perfusion and reduced exercise en-
durance. According to 2021: The American Associa-
tion for Thoracic Surgery Expert Consensus Docu-
ment, for heart failure and ventricular remodeling pa-
tients, IABP use is recommended . Among our in-

cluded patients, those in the IABP group exhibited
lower preoperative cardiac blood supply compared to
the control group, reflecting poorer baseline condi-
tions. However, IABP was found to effectively im-
prove postoperative cardiac blood supply in patients
with poor baseline conditions. Conversely, our find-
ings suggest that preoperative and intraoperative
IABP use can notably reduce the need for extracor-
poreal circulation among patients. As such, we rec-
ommend comprehensive preoperative evaluation and
early IABP application in high-risk CAHD patients.
Furthermore, our analysis indicates that, compared to
the control group, patients receiving IABP therapy
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Table 5 | Changes in myocardial enzyme indicators and cardiac ultrasound indicators between IABP group and

control aroup.

Paired sample t-test

Paired t-test Two sample

Variable IABP group Control group mean t-test

N M SD t p-value N M SD t p-value t p-value

CK 103 701.107787.081 9.04 <0.001 136 540.66%483.12413.051 <0.001 1.943 0.053

CK-MB 100 11.83421.125 5.685 <0.001 128 10.95225.349 4.964 <0.001 0.28 0.78

Serum troponin | 39 2093 1258 1.455 0.154 39 3.181 7.516 2.643 0.012 -0.107 0.915

Left ventricular end- 54 4 654 5125 .1538 018 70 -2.066 5522 -3262 0002 1.038 0.302
systolic diameter

reft veninoular ond- 52 2018 4.65 3248 0002 73 -3.921 5611 -6.002 <0.001 1.908 0.041

Interventricular septum o 018 1208 0109 0914 76 0026 1.222 0.188 0.852 -0.037 0.97

thickness
EF 56 -1.304 10.429 -0.935 0.354 76 -0.118 8.806 -0.117 0.907 -0.689 0.492
co 55 0.336 2.372 0.152 0298 73 0.129 1.831 0.601 0.55 0.557 0.578

IABP, intra-aortic balloon pump; N, number; M, mean; SD, standard deviation; CK, creatine kinase; CK-MB, CK myocardial band; EF,

left ventricular ejection fraction; CO, cardiac output

during the perioperative period had a significantly
lower incidence of requiring extracorporeal circulation
during CABG surgery. Extracorporeal circulation in-
volves systemic heparinization, potentially leading to
severe inflammatory reactions. Additionally, there is a
risk of vascular reperfusion injury after cardiac arrest,
while intraoperative heart movement may increase
the likelihood of ventricular fibrillation 2. The use of
IABP helps prevent cardiac arrest and reduces the
need for extracorporeal circulation, thereby minimiz-
ing the risk of postoperative complications, including
acute respiratory distress syndrome, kidney injury,
arrhythmia, and low cardiac output syndrome 4. This
is especially crucial for improving the postoperative
survival rate of patients undergoing CABG surgery 4.
Future multi-center research is necessary to deter-
mine whether IABP can reduce the use of extracorpo-
real circulation without worsening patient prognosis
after surgery.

Although not statistically significant, we observed a
potential trend indicating that CK levels in patients
may be higher than those in the control group after
receiving IABP treatment. Intriguingly, the changes in
CK-MB between the two groups did not exhibit this
pattern, suggesting that alterations in CK and CK-MB
were not synchronous. As commonly known, CK is a
blood marker used to assess muscle tissue damage,
originating from myocardial tissue as well as other
organ tissues and skeletal muscles. The primary in-

sertion of IABP through femoral artery puncture could
potentially reduce blood supply to immobilized lower
limbs. Diminished circulation in these muscles can
release CK into the bloodstream, causing asyn-
chronous CK and CK-MB levels 15.

Elevated postoperative CK levels may signify a
systemic stress response and tissue damage during
surgery, while CK-MB is more specific to myocardial
tissue damage. Therefore, substantial trauma to the
body's tissues during surgery may keep CK-MB lev-
els relatively constant, with CK levels showing a sig-
nificant increase 16.17,

Moreover, myoglobin serves as a frequently used
indicator for myocardial damage, with increased con-
centrations signifying significant heart muscle injury
18, However, there is a lack of research on the impact
of IABP on postoperative myoglobin levels in pa-
tients. Upon analysis, we found that patients' postop-
erative myoglobin levels were notably higher than
those in the control group following IABP application
during the perioperative period. This suggests that
inevitable cardiac injury during surgery is the primary
factor contributing to elevated serum myoglobin. Yet,
despite experiencing similar surgical trauma, cardiac
injury alone does not seem to fully explain the signifi-
cant differences in myoglobin levels between the two
groups. Upon further investigation, we discovered
that the average CK-MB/CK levels were below 5% for
both patient groups. According to the 2014 AHA/ACC
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guideline for managing patients with non-ST-elevation
acute coronary syndromes, when CK-MB/CK levels
are less than 5%, the increased serum markers of
myocardial injury are attributed to skeletal muscle le-
sions 19, Consequently, we propose a daring conjec-
ture: the IABP implantation through the femoral artery
not only enhances myocardial perfusion but also re-
duces blood flow to the lower extremities. Ischemic
damaged striated muscles release significant
amounts of myoglobin and CK, leading to differences
in myoglobin levels and CK growth rates between the
two groups. Hence, to assess the extent of periopera-
tive myocardial infarction and bridging vascular pa-
tency, clinical practitioners should integrate electro-
cardiograms and other auxiliary examinations with
the analysis of myocardial injury indicators. In cases
involving IABP use, close attention should focus on
blood supply, skin temperature, and limb color to mit-
igate the risk of lower limb ischemic necrosis.

Our analysis reveals that postoperative pro-BNP
levels among patients in the IABP group are signifi-
cantly higher than those observed in the control
group. Pro-BNP serves as a readily accessible blood
marker for timely detection of heart failure 20. Howev-
er, in this study, a higher level of pro-BNP does not
necessarily indicate that patients in the IABP group
have a greater risk of heart failure. While the implan-
tation of IABP led to a significant improvement in the
patient's cardiac blood supply, it also increased the
burden on the heart. In cases where CABG surgery
had already caused substantial damage to the my-
ocardium, the additional strain on the heart due to the
high load could exacerbate the heart damage, lead-
ing to the release of large amounts of pro BNP 21,
Additionally, a substantial amount of myoglobin re-
leased by damaged striated muscles can potentially
obstruct renal tubules, resulting in reduced renal
function and an increase in pro-BNP 22, Another cru-
cial factor that should not be overlooked is the poten-
tial impact of postoperative diuretics or angiotensin-
converting enzyme inhibitors on the measurement of
pro-BNP levels 23. Unfortunately, due to the challenge
in obtaining medication usage data, this study cannot
currently rule out the impact of medication to further
explore the mechanisms of IABP's impact on pro-
BNP. As a result, caution must be exercised in deter-
mining whether patients implanted with IABP are at a
higher risk of heart failure based solely on the level of
pro-BNP.

IJCMP | Vol. 1 No. 2 (February 2025)

Recent research suggests that the prognosis for
patients who have undergone cardiac surgery and
received IABP treatment is unfavorable. Thiele et al.
conducted a randomized controlled study revealing
higher mortality rates among patients in the IABP
group 24. Similarly, Ali et al.'s study demonstrated that
patients using IABP before cardiac surgery had ele-
vated mortality rates, increased red blood cell input,
and longer periods of invasive ventilation compared
to the control group 25. Sayed et al.'s single-center
study also reported extended postoperative ICU time,
invasive ventilation duration, and higher mortality
rates in the IABP group compared to the control
group, possibly related to the preoperative ejection
fraction of patients 26. In our study, the IABP-receiving
group had significantly prolonged ventilator usage,
extended ICU stay, and higher hospital mortality
rates, consistent with previous research findings.
These results can be attributed to the fact that pa-
tients requiring IABP support often present more se-
vere coronary artery disease and poorer health condi-
tions before surgery, leading to a heightened periop-
erative mortality risk. Our findings indicate that
among high-risk patients implanted with IABP during
the perioperative period, although they experienced
longer mechanical ventilation and extended ICU
stays, only 8 out of 110 patients died in the hospital
after receiving active treatment. This suggests that
IABP was effective in reducing the risk of mortality for
most patients during the intraoperative and postoper-
ative periods. Nonetheless, our results solely de-
scribe the mortality rate of CABG patients using IABP,
necessitating further randomized controlled studies to
determine whether IABP can improve the prognosis
of such patients. It's important to note that despite
IABP support, some patients with severe lesions may
still succumb to death. Therefore, it is crucial to utilize
various scoring scales such as European system for
cardiac operative risk evaluation (EuroSCORE II) and
European Society of Thoracic Surgeons Risk Scores
(ESTS scores) for early and accurate preoperative
evaluations, closely monitor patients during the peri-
operative period, and make decisive decisions re-
garding the need for stronger mechanical circulatory
devices such as extracorporeal membrane oxygena-
tion 27.28, Physicians should carefully assess the pa-
tient's condition, determine whether to use IABP early
or opt for stronger mechanical circulatory support,
and provide suitable postoperative monitoring and
rehabilitation plans to reduce complications and risks,
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ultimately ensuring that patients receive optimal
treatment outcomes 29.

Our study indicates that patients treated with IABP
had a larger post-surgery left ventricular diameter
compared to the control group. However, no signifi-
cant difference in left ventricular diameter was ob-
served between the two groups before surgery.
These findings suggest that despite the use of IABP
during the perioperative period, left ventricular com-
pliance decreases, and the heart remains in a de-
compensated state due to factors such as low preop-
erative cardiac blood supply, poor energy me-
tabolism, and less effective myocardial work in high-
risk CAHD patients. These observations are consis-
tent with previous studies. Libera et al. found that
IABP utilization can decrease the efferent activity of
the sympathetic nerve, leading to a slower heart rate
and lower myocardial contractility. Additionally, IABP
prolongs the diastole period of the heart, consequent-
ly enhancing the degree of heart filling 0. In high-risk
patients with CAHD who underwent IABP therapy
during the perioperative period, ongoing left ventricu-
lar remodeling increases the risk of heart failure.
Therefore, it is recommended to implement more rig-
orous heart failure treatment plans to improve ven-
tricular remodeling and enhance the patients' quality
of life.

In summary, the perioperative implementation of
IABP during CABG surgery may moderately improve
prognostic outcomes among patients with CAHD.
Nevertheless, in cases of severe lesions, caution is
crucial when selecting the IABP treatment process.
It's important to note that this study is limited as a
single-center study, potentially impacting the reliability
and generalizability of the results. Moreover, since
most patients only receive postoperative follow-up
examinations at local hospitals, long-term postopera-
tive information for both patient groups was unattain-
able. Clinical use of an IABP as a cardiovascular
support measure remains effective but requires eval-
uation and decision-making under medical profes-
sional guidance. Furthermore, it's worth noting that
certain confounding factors may have influenced the
study results, necessitating systematic randomized
controlled studies to eliminate these confounding fac-
tors.

The present study analyzed 258 samples that un-
derwent CABG surgery, revealing that the use of
IABP can enhance heart blood supply, improve ener-
gy metabolism, and contribute to ventricular remodel-

IJCMP | Vol. 1 No. 2 (February 2025)

ing to some extent. However, for those with severe
cardiovascular disease, early implementation of IABP
or selection of more effective extracorporeal circula-
tion regimens may offer greater benefits.

Declarations

Abbreviations

IABP: Intra-aortic balloon pump

CABG: Coronary artery bypass grafting

NYHA: New York Heart Association

ICU: Intensive care unit

CAHD: Coronary atherosclerotic heart disease

CK: Creatine kinase

CK-MB: Creatine kinase myocardial band

Ethics approval and consent to participate

The present study had been approved by Ethics
Review Committee of the First Affiliated Hospital of
Guangxi Medical University (approval number: 2023-
E188-01). All patients are aware of the purpose and
method of this study and have signed an informed
consent form for sample use.

Consent to Publish declaration

Written informed consent was obtained from the
participant for publication of identifying information/
images in an online open-access publication.

Availability of Data and Materials

The datasets used and/or analysed during the cur-
rent study available from the corresponding author on
reasonable request.

Clinical trial number

Not applicable.

Competing interests

The authors declare no competing interests.

Funding

The present article was supported by the National
Key Clinical Specialty Construction Project, Guangxi
Medical And Health Key Discipline Construction
Project, Guangxi Key Clinical Specialty Construction
Project and the Research project funded by the
Health Commission of Guangxi Zhuang Autonomous
Region (ID: Z20211014).

Acknowledgements

Not Applicable.



Chunlou Wei et al.

Reference

1. Global, regional, and national age-sex specific all-cause
and cause-specific mortality for 240 causes of death,
1990-2013: a systematic analysis for the Global Burden
of Disease Study 2013. Lancet (London, England).
2015;385(9963):117-71. doi:10.1016/
s0140-6736(14)61682-2

2. Velioglu Y, Isik M. Early-Term Outcomes of Off-Pump
versus On-Pump Beating-Heart Coronary Artery Bypass
Surgery. The Thoracic and cardiovascular surgeon.
2019;67(7):546-553. doi:10.1055/s-0039-1679923

3. Webb C, Weyker P, Flynn BJSic, anesthesia v. Man-
agement of intra-aortic balloon pumps. 2015;19(2):106-
21. doi:10.1177/1089253214555026

4. Gajanan G, Brilakis E, Siller-Matula J, Zolty R, Velaga-
pudi PJJoved. The Intra-Aortic Balloon Pump. 2021;
(168)d0i:10.3791/62132

5. Ozaki Y, Hara H, Onuma Y, et al. CVIT expert consen-
sus document on primary percutaneous coronary inter-
vention (PCI) for acute myocardial infarction (AMI) up-
date 2022. 2022;37(1):1-34. doi:10.1007/
§12928-021-00829-9

6. Nakahira J, Sawai T, Minami TJAo. Elective use of intra-
aortic balloon pump during aortic valve replacement in
elderly patients to reduce postoperative cardiac compli-
cations. 2014;38(6):503-7. doi:10.1111/aor.12207

7. Miller P, Bromfield S, Ma Q, et al. Clinical Outcomes
and Cost Associated With an Intravascular Microaxial
Left Ventricular Assist Device vs Intra-aortic Balloon
Pump in Patients Presenting With Acute Myocardial In-
farction Complicated by Cardiogenic Shock.
2022;182(9):926-933. doi:10.1001/
jamainternmed.2022.2735

8. Nan Tie E, Dinh D, Chan W, et al. Trends in Intra-Aortic
Balloon Pump Use in Cardiogenic Shock After the
SHOCK-II Trial. 2023;191:125-132. doi:10.1016/j.amj-
card.2022.12.019

9. Li H, Li LJFicm. Successful treatment of fulminant my-
ocarditis with intra-aortic balloon pump counterpulsation
combined with immunoglobulin and glucocorticoid in a
young male adult. 2022;9:905189. doi:10.3389/
fcvm.2022.905189

10.Consensus of Experts on the Perioperative Application
of Intra-Aortic Balloon Counterpulsation in Cardiac
Surgery. 2017; 97(28): 2168-2175. (in Chinese).

11.Bakaeen F, Gaudino M, Whitman G, et al. 2021: The
American Association for Thoracic Surgery Expert Con-
sensus Document: Coronary artery bypass grafting in
patients with ischemic cardiomyopathy and heart failure.
2021;162(3):829-850.e1. doi:10.1016/
j.jtcvs.2021.04.052

12.Pasechnik I, Dvoryanchikova V, Tsepenshchikov VJK.
[Extracorporeal circulation in cardiac surgery: state of
the problem]. 2017;(6):72-78. doi:10.17116/hirur-
gia2017672-78

13.Kawahito S, Soga T, Yagi S, et al. Pathophysiology and
Complications during Extracorporeal Circulation.
2020;67(3.4):229-235. doi:10.2152/jmi.67.229

IJCMP | Vol. 1 No. 2 (February 2025)

14.0uweneel D, Schotborgh J, Limpens J, et al. Extracor-
poreal life support during cardiac arrest and cardiogenic
shock: a systematic review and meta-analysis.
2016;42(12):1922-1934. doi:10.1007/s00134-016-4536-
8

15.Minamidate N, Takashima N, Suzuki TJJocs. The im-
pact of CK-MB elevation in patients with acute type A
aortic dissection with coronary artery involvement.
2022;17(1):169. doi:10.1186/s13019-022-01924-5

16.Fan J, Ma J, Xia N, Sun L, Li B, Liu HJCI. Clinical Value
of Combined Detection of CK-MB, MYO, cTnl and
Plasma NT-proBNP in Diagnosis of Acute Myocardial
Infarction. 2017;63(3):427-433. doi:10.7754/
Clin.Lab.2016.160533

17.Pdéyhdnen P, Kylméla M, Vesterinen P, et al. Peak CK-
MB has a strong association with chronic scar size and
wall motion abnormalities after revascularized non-
transmural myocardial infarction - a prospective CMR
study. 2018;18(1):27. doi:10.1186/s12872-018-0767-7

18.Servonnet A, Dubost C, Martin G, et al. [Myoglobin: still
a useful biomarker in 20177]. 2018;76(2):137-141.
doi:10.1684/abc.2018.1326

19.Amsterdam E, Wenger N, Brindis R, et al. 2014 AHA/
ACC guideline for the management of patients with non-
ST-elevation acute coronary syndromes: a report of the
American College of Cardiology/American Heart Asso-
ciation Task Force on Practice Guidelines.
2014;130(25):e344-426. doi:10.1161/
¢ir.0000000000000134

20.Doust J, Lehman R, Glasziou PJAfp. The role of BNP
testing in heart failure. 2006;74(11):1893-8.

21.Nishikimi T, Nakagawa YJdJoc. Potential pitfalls when
interpreting plasma BNP levels in heart failure practice.
2021;78(4):269-274. doi:10.1016/j.jjcc.2021.05.003

22.0kamoto R, Ali Y, Hashizume R, Suzuki N, Ito MJljoms.
BNP as a Major Player in the Heart-Kidney Connection.
2019;20(14)d0i:10.3390/ijms20143581

23.Myhre P, Vaduganathan M, Claggett B, et al. B-Type
Natriuretic Peptide During Treatment With Sacubitril/
Valsartan: The PARADIGM-HF Trial. 2019;73(11):1264-
1272. doi:10.1016/j.jacc.2019.01.018

24.Thiele H, Zeymer U, Neumann F, et al. Intra-aortic bal-
loon counterpulsation in acute myocardial infarction
complicated by cardiogenic shock (IABP-SHOCK II):
final 12 month results of a randomised, open-label trial.
2013;382(9905):1638-45. doi:10.1016/
s0140-6736(13)61783-3

25.Ali U, Lan N, Gilfillan M, et al. Preoperative Intra-Aortic
Balloon Pumps in Cardiac Surgery: A Propensity Score
Analysis. 2021;30(5):758-764. doi:10.1016/
j-hlc.2020.09.924

26.Shah S, Awan N, Jan A, Rehman MJPjoms. Character-
istics, morbidity and mortality factors associated with
Intra-Aortic Balloon Pump in Coronary Artery Bypass
Graft Surgery patients. 2020;36(6):1318-1324.
doi:10.12669/pjms.36.6.2649



Chunlou Wei et al.

27.Nashef S, Roques F, Sharples L, et al. EuroSCORE |II.
2012;41(4):734-44; discussion 744-5. doi:10.1093/ejcts/
ezs043

28.Brunelli AJTsc. European Society of Thoracic Surgeons
Risk Scores. 2017;27(3):297-302. doi:10.1016/j.thor-
surg.2017.03.009

29.lhdayhid A, Chopra S, Rankin JJCoic. Intra-aortic bal-
loon pump: indications, efficacy, guidelines and future
directions. 2014;29(4):285-92. doi:10.1097/
hco.0000000000000075

30.Fresiello L, Khir A, Di Molfetta A, Kozarski M, Ferrari
GJTljoao. IABP timing and ventricular performance--
comparison between a compliant and a stiffer aorta: a
hybrid model study including baroreflex.
2013;36(11):749-57. doi:10.5301/ija0.500024

10

IJCMP | Vol. 1 No. 2 (February 2025)

258 CAHD patients had accepted CABG surgeon

Analysis of preoperative and intraoperative indicators

Analysis of postoperative serum indicators,
echocardiographic results, and hospitalization status

Changes of echocardiography results and myocardial
enzyme indicators

Figure 1 |1 The flow charts of this study

CAHD, coronary atherosclerotic heart disease;CABG,
coronary artery bypass grafting



International Journal of Clinical Medicine & Pharmacology

[Ep T es s

https://doi.org/10.70731/8g8saf85

The Feasibility of Dissolving Phlegm With Oil Method and the
Theory of Traditional Chinese Medicine

Yue Wang 2, Liping Yin &~

a Affiliated Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China

KEYWORDS

Dissolving Phlegm With Oil,
Expectorant,
Phlegm-Damp Syndrome

ABSTRACT

Sputum is the product of water metabolism disorder. It is characterized by a
thick texture and poor fluidity. According to the traditional Chinese medicine
of the same energy attracts each other and drawing analogies by compar-

ing images, the application of medications with a consistency similar to spu-
tum, rich in oils or volatile oils, serves to achieve the objective of "oil-dis-
solving sputum”. This not only facilitates the expulsion of sputum but also
addresses the depletion of body fluids caused by the production of phlegm
and fluid retention. This approach is particularly suitable for treating phlegm-
related syndromes and holds significant clinical promotion value.

1. Introduction

The historical roots of the "dissolving phlegm with
oil" method are deeply intertwined with traditional
Chinese medicine principles. This practice stems
from ancient techniques involving the topical applica-
tion and ingestion of oils to moisturize and expel
phlegm. The Huangdi’s Canon of Meidcine discusses
how "phlegm" formation is linked to internal damp-
ness and pathogenic factors, suggesting that oils can
help dredge meridians, hydrate the lungs, and assist
in resolving phlegm and dampness. Throughout his-
tory, oils have also played a role in the preparation of
medicinal formulations and dietary therapies, serving
to lubricate and penetrate tissues. During the Ming
and Qing Dynastiesl'], there were actual cases of us-
ing oil to dissolving phlegm in medical books, empha-
sizing the positive effects of oil on lung health. Com-
pendium of Materia Medica mentioned that a variety

of fats (such as sesame oil, peanut oil) has a good

phlegm-reducing effect. [2l. Contemporary medical
research has demonstrated that the unsaturated fatty
acids present in certain vegetable oils exhibit signifi-
cant anti-inflammatory properties, which can enhance
lung tissue function and facilitate sputum expectora-
tionl3l. Simultaneously, the lubricating properties of
the oil assist in reducing irritation to the airway mu-
cosa and mitigating cough responses!4l. These find-
ings offer contemporary biomedical validation for tra-
ditional Chinese medicine theory, demonstrating the
scientific rigor and practical efficacy of the "dissolving
phlegm with oil" method.

2. The Concept of "Phlegm" in Medical Theory

Phlegm is the pathological product of thick turbid-
ness caused by the disturbance of water and liquid
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metabolisml®l. "Sputum" and "Fluid retention" are
both pathological products of water and liquid me-
tabolism disorders, but in nature, the texture of "spu-
tum" is thick, thick and turidity, while "Fluid retention"
is relatively clear. In addition to the general "sputum",
there are 'visible sputum" and "invisible sputum",
tangible sputum refers to the visible, audible and tac-
tile sputum of tangible quality, intangible sputum is
also caused by water and liquid metabolism disor-
ders, but compared with tangible sputum, invisible
sputum intangible quality is visible, although not visi-
ble, but there are signs, often clinical symptoms and
signs. Such as body aches, head heavy such as
wrapping, tongue coating greasy and so on to judge
the existence of invisible phlegml6l. In summary, spu-
tum results from disorders in water and fluid me-
tabolism, characterized by poor mobility and a thick
consistency. According to traditional Chinese medi-
cine (TCM) theory, phlegm-dampness is categorized
into exogenous and endogenous types. Endogenous
phlegm-dampness is primarily associated with spleen
deficiency, improper dietary habits, emotional distur-

bances, and other contributing factors(1.

3. Feasibility of "Dissolving Phlegm With Oil"
Method

On the basis of the pathology of "phlegm", the
method of "dissolving phlegm with oil" utilizes the
good dissolving characteristics of oil used externally
or orally to gradually decomposition the stubborn
phlegm components into forms that are easy to be
eliminated, so as to achieve the effect of expectorat-
ing phlegm. The article Synopsis of Golden Chamber
- Phlegm and Drink Cough Pulse Syndrome and
Treatment twelfth points out, when a patient is sick
with phlegm-rheum, harmonize with warm medicines"
as the treatment principle[8]. Disease cause pulse
treatment emphasizes the importance of "treating
fire" in the treatment of "phlegm"[9]. This paper ex-
pounds the important role of "treating phlegm and
fire" in the treatment of TCM from the aspects of lung,
spleen and kidney. Lung phlegm syndrome and au-
tumn dryness syndrome are the same, both belong to
"fire" accumulation. To restrain Yin and reduce fire as
the rule of treatment. Kidney phlegm syndrome takes
nourishing Yin and clearing heat as the treatment
principle, spleen phlegm syndrome takes invigorating
spleen and relieving cough as the treatment
principle[10]. Most of the drugs used for phlegm syn-
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drome are Phellodendri, Zhimu, cooked ground, or-
ange peel, fritillaria, Trichosanthes and so on. The
rhizome and Phellodendron chinensis have anti-in-
flammatory and antioxidant effects[11]. Ripe ground is
rich in mannotriose, which can antagonize the dam-
age of hippocampal nerve cells by corticosterone and
prevent the decline of learning and memory, which is
the embodiment of the role of "reinforcing lean mar-
row" in traditional Chinese medicine[12]. The effect of
dried tangerine or orange peel has expectorant,
whets the appetite, cough, and play a major role is
dried tangerine or orange peel naphtha
composition[13]. Fritillaria and trichosanthis are also
seed kernel expectorant drugs, and the expectorant
effect mainly comes from their oil components[14-15].

Compendium of Materia Medica points out that "to
treat dampness phlegm with ginger juice and alum
soup, to treat wind phlegm with ginger juice and
soapying boiled juice, to treat fire phlegm with ginger
juice, bamboo drain or jing drain, to treat cold phlegm
with ginger juice, alum soup and white mustard
seed[16]. Phlegm toxicity can be divided into three
types: "fire", "cold" and "wet", among which "fire
phlegm" is the main type of phlegm syndrome. In the
treatment of heat phlegm syndrome, it is emphasized
that different prescriptions should be selected accord-
ing to the urgency of the disease, the severity of the
disease and the combination of the disease and syn-
drome.For mild phlegm-heat conditions, medications
such as Fructus Trichosanthis, Loquat Leaves, Pinel-
lia, and Fritillaria are commonly used to clear phlegm-
heat. Among these, Fructus Trichosanthis is classified
as a seed-kernel expectorant due to its properties. In
contrast, Loquat Leaves and Pinellia do not fall under
the category of seed-kernel expectorants. Notably,
the active component in Pinellia is pinellian, which is
fat-soluble[17].Loquat leaves are rich in triterpenoid
acids, volatile oils and flavonoids, and also have the
characteristics of fat solubility[18]. For patients with
severe phlegm-heat syndrome, the combination of
heat-clearing powder and dampness-resolving,
phlegm-expelling medication is employed to enhance
the efficacy of treating heat syndromes. For instance,
in the treatment of phlegm-heat cough characterized
by symptoms such as flushed face, dry mouth, rapid
pulse, and other manifestations, the use of Pinellia
ternata, processed Aconitum carmichaelii, and
Scutellaria baicalensis can be considered[19-21]. The
active constituents of these three medications are
polysaccharides and flavonoids, which exhibit
lipophilic properties.
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"Chinese Materia Medica" divided phlegm-reduc-
ing drugs into warming cold phlegm drugs, clearing
hot phlegm drugs, cough and antiasthmatic drugs, a
total of 36 kinds[22]. Among them, mustard seed,
Gleditsia sinensis, Thunbergii Fritillaria, Fritillary Fritil-
laria, bitter almond, Perilla seed, nemorosa seed,
ginkgo and so on are seed kernel drugs in plant med-
icine, although some plant drugs are not seed kernel
medicine, such as aster, Baibu, etc., but clinical stud-
ies have confirmed that aster contains volatile olil,
polysaccharides, flavonoids and other
substances[23]. These substances are fat-soluble
and have the characteristics of oils. Clinical medium
temperature cold phlegm drugs used pinellia, white
mustard seeds, white front, Qinghua hot phlegm
drugs used Sichuan Fritillaria, Zhejiang Fritillaria,
Fructus trichosanthis, platycodon, front Hu. In addi-
tion to platycodon platycodon, rhizome, white rhizome
and pinellia pinellia are non-seed kernel drugs, other
drugs are seed kernel or contain seed kernel[24].
Clinical studies on the pharmacology of San Zi Yang
Qin Tang[25] pointed out that the three medicines in
San Zi Yang Qin Tang contain fatty acids in varying
degrees, especially Lapis lazuli, which contains 45%
fatty oils, which is closely related to the mucolytic ef-
fect of the formula.

There are also some special non-kernel expecto-
rant drugs, such as Pinellia, pinellia is tuber medicine,
and Pinellia is toxic, so Zhang Zhongjing uses the
word "washing" when Pinellia, because there is a
layer of mucus on the surface of the pinellia, this mu-
cus will cause irritation to the human respiratory tract,
may cause laryngeal edema, suffocate the
patient[26]. The author posits that the viscous mucus
secreted by Pinellia is a substance akin to "sputum"
with low fluidity. This mucus can encapsulate and in-
tegrate with the sputum in the human body following
medicinal administration, thereby facilitating the com-
bination of pharmacological agents and pathological
products for more effective elimination from the
body.Modern pharmacological studies have shown
that pinellia contains volatile oil components [27], and
the mucus covered on the surface of raw pinellia is
the external manifestation of volatile oil components.
Therefore, although pinellia is not a seed drug, it also
has the characteristic of "disresolving phlegm with oil"
in the cognition of traditional Chinese medicine

Seed kernel expectorant contains rich plant
volatile oil, good at moistening dryness, so it is more
suitable for dryness sputum. However, the author be-
lieves that where phlegm exists, body fluid must be
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lost. There are two reasons: First, because the
phlegm itself is difficult to flow and thick characteris-
tics, it shows that the phlegm itself is lack of body flu-
id. Second, there is limited space for normal body flu-
id. If pathological phlegm and fluid increase, occupy-
ing the space of physiological body fluid, normal body
fluid cannot be transferred, and human body fluid can
also be deficient. Therefore, seed seeds and expec-
torant drugs are not only suitable for dryness phlegm
syndrome, but also suitable for other phlegm syn-
drome, because where there is sputum generation,
normal body fluid will inevitably decrease in the body.

4. Exploration of TCM Theory by Oil-Soluble
Sputum Method

4.1. Same Energy Attracts Each Othe

According to the principle of TCM, expectorant
drugs that are more similar to phlegm should be
used, and expectorant drugs containing oil are obvi-

ously more appropriatel28l. Phlegm is the predeces-
sor of the drink, sputum is characterized by poor fluid-
ity, thick texture, indicating that the sputum itself is
"lack of water", if the use of oil-rich seed drugs, have
the effect of moistening dryness, can moisten the
sputum, make the sputum easy to flow, and then
easy to spit or discharge. Such drugs contain less
water, oil into the body relative to body fluid and other
poor mobility, similar to the nature of sputum, easy to
dissolve into a body, and oil expectorant drugs along
the normal gi and blood operation of the human body,
the expectorant will be discharged from the body, to
complete the expectorant process. At the same time,
in addition to moistening and smoothing phlegm, the
oil-rich seed kernel can also moisten and smooth the
joints, meridians and zangfu organs of the whole
body, further regulate the channel of Qi, restore the
balance of qi, blood and Yin and Yang of the body,
and naturally contribute to the elimination of phlegm.

4.2. Drawing Analogies by Comparing Images
The core of TCM thinking is "comparing image

with class" [29]. The conventional approach to treating
phlegm disorders involves the use of warming med-
ications. According to Zhang Zhongjing's Synopsis of
the Golden Chamber, it is stated that "phlegm and
fluid retention should be treated with warming medi-
cines." This principle is based on the fact that phlegm
and fluid retention are pathological products resulting
from disordered water metabolism, which retains the
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characteristic of being "damp." Therefore, it is logical
to employ warming medicines to eliminate dampness
and resolve phlegm and fluid retention. As a patho-
logical product, phlegm can complicate the disease
process in various ways: it may affect mental func-
tions, lead to subcutaneous nodules or tumors, and
obstruct gi movement, causing stagnation and fever.
Ultimately, phlegm results from impaired fluid me-
tabolism, forming a viscous mass with poor mobility.
Over time, the fluid content decreases further, even-
tually leading to blood stasis and even solid masses.
If fluid metabolism remains abnormal, initial damp-
ness transforms into fluid accumulation, and warming
medicines can help dry dampness and purify fluids.
However, when phlegm has already formed a viscous
mass with poor mobility, it indicates a deficiency in
body fluids, making it difficult for the phlegm to flow.
In this case, using warming medicines may exacer-
bate the deficiency of body fluids and worsen the
mobility of phlegm. Instead, employing "warm-moist"
expectorants, such as those derived from seeds or
containing volatile oils, can not only replenish body
fluids but also enhance the mobility of phlegm, there-
by achieving better therapeutic effects.

4.3. Theory of Meridian Tropism

Supported by the theory of sex and taste normal-
ization, oil-soluble drugs can exert significant effects
on specific pathological conditions. For instance, oily
and warm drugs can facilitate the expulsion of
phlegm by lubricating the respiratory tract, thereby
aiding in its dissolution. In practical applications, tradi-
tional Chinese medicines such as Fructus Trichosan-
thes, Fritillaria Thunbergii, and Perilla seed, which
possess soluble and lubricating properties, can be
effectively combined with the theory of drug sex and
taste to promote sputum discharge.

4.4. Western Medicine Theory Support

Seed kernel expectorants are abundant in triter-
penoids, flavonoids, polysaccharides, and antioxidant
compounds, which collectively enhance the body's
capacity to eliminate pathological products. The clini-
cal application of the "oil-dissolving sputum" method
is closely associated with the physiological character-
istics of the airway. When seed kernel phlegm-reduc-
ing drugs form an oily film within the airway, they ef-
fectively protect airway epithelial cells, mitigate exter-
nal stimuli on the respiratory system, improve local
blood circulation, and promote better drug penetration
and absorption, thereby enhancing mucus
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clearancel30], Simultaneously, the lubricating proper-
ties of the oil can alleviate airway obstruction caused
by viscous sputum and fulfill respiratory physiological
requirements. The extraction and utilization of bioac-
tive compounds are also a focal point in modern med-
icine. Research has demonstrated that certain bioac-
tive substances found in kernel oils, such as glyco-
sides, polyphenols, organic acids, saponins, tannins,
and vitamin B1[31], possess antioxidant and anti-in-
flammatory properties, thereby enhancing the efficacy
of expectorant treatments. Modern pharmaceutical
formulations are increasingly emphasizing the emulsi-
fying characteristics of oils to improve drug bioavail-
ability and achieve superior clinical outcomes.

5. Case Analysis of Kernel Expectorants

Pu Fuzhou once treated a case of sputum asthma

in children [32] identified the pathogenesis as phlegm
block, lung loss, depression and heat, and treated
lung to reduce phlegm, with fried draba seed, fried
Perilla seed, fried white mustard seed, gualou kernel
shell, fried raphanus seed, white front, aster, bamboo
leaves, reed root, scallion white and other 10 flavors
of medicine, half of which are seed kernel expecto-
rant drugs. Because of the delicate organs of chil-
dren, for the young Yin and Yang body, the disease is
more pure, affected by other system diseases may be
less, so the treatment of children's phlegm syndrome,
the drug has a high guiding value.

6. Conclusion

The theory of phlegm disease in traditional Chi-
nese medicine (TCM) is rooted in a profound under-
standing of "phlegm," which is not only recognized as
a pathological product but also serves as an indicator
of internal dysfunction. TCM classifies phlegm into
two categories: "tangible phlegm" and "intangible
phlegm." Tangible phlegm results from the accumula-
tion of dampness and turbidity within the body, while
intangible phlegm arises from Qi deficiency and Yin
deficiency. The formation of phlegm is closely associ-
ated with the functions of the spleen, lung, and kid-
ney. Specifically, the spleen governs transportation
and transformation, the lung oversees dispersion and

mB# (sedation), and the kidney accumulates es-

sence; these three organs interact and influence each
other.
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Clinically, common phlegm syndromes include
damp-phlegm, cold-phlegm, hot-phlegm, and dry-
phlegm. Each type has distinct manifestations and
etiologies. Damp-phlegm primarily results from insuf-
ficient spleen and stomach function, leading to en-
dogenous dampness and turbidity, with clinical symp-
toms such as chest tightness, coughing, and exces-
sive phlegm. Cold-phlegm is caused by cold path-
ogenic factors or spleen-stomach yang deficiency,
often accompanied by thin white phlegm and cold ex-
tremities. Hot-phlegm is due to internal heat or im-
proper diet, manifesting as yellow thick phlegm, thirst,
and constipation. Dry-phlegm mainly stems from Yin
deficiency or invasion by dryness, characterized by
dry cough with scant sputum.

In terms of differential diagnosis and treatment,
TCM emphasizes the integration of "treating the root
cause" (JAZA) and "addressing the symptoms" (A#r).
For phlegm syndromes, various methods such as re-
solving phlegm (f£¥%), warming transformation (&
1£), and clearing heat (;§##) are commonly employed
for comprehensive regulation. Through in-depth study
of TCM's phlegm disease theory, it becomes evident
that many modern therapeutic approaches share sim-
ilarities with TCM principles. Oil-dissolving phlegm
can effectively improve damp-phlegm conditions.
Emulsification using plant extracts or combining tradi-
tional Chinese medicine with oil aids in diluting and
expelling phlegm.

The theory of phlegm disease in TCM underscores
the importance of adopting different regulatory and
therapeutic methods based on individual constitution
and causative factors. This not only provides a theo-
retical foundation for the "oil-dissolving phlegm"
method but also holds significant guiding value and
clinical significance in practical applications. A com-
prehensive treatment approach grounded in TCM's
phlegm disease theory can facilitate effective inte-
grated Chinese-Western medicine interventions and
enhance overall therapeutic outcomes. In conclusion,
expectorant drugs, particularly those rich in volatile
oils or derived from seeds and kernels, align well with
the characteristics of "oil-dissolved phlegm" and are
more effective in treating phlegm and fluid disorders.
Further clinical pharmacological research is needed
to substantiate these findings.
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ABSTRACT

This study examined the expression and clinical significance of pituitary tu-
mor-transforming gene 1 (PTTG1) in prostate cancer (PCa) and metastatic
prostate cancer (MPCa). Analysis of 19 PCa and 10 MPCa public datasets
showed that PTTG1 expression was significantly upregulated in PCa
(SMD=0.55, 95% CI: 0.29, 0.83) and MPCa (SMD=2.28, 95% CI: 1.38,
3.19). PTTG1 also demonstrated moderate discriminatory ability for PCa
(AUC=0.75, 95% CI: 0.71, 0.79) and high discriminatory potential for MPCa
from localized PCa (AUC=0.97, 95% CI: 0.95, 0.98). Differential co-ex-
pressed gene (DCEQG) analysis identified 314 PTTG1-related genes, with
CCNA2, CCNB1, and CDK1 emerging as key hub genes positively correlat-
ed with PTTG1. While most clinical parameters showed no correlation with
PTTG1 expression, data from The Cancer Genome Atlas (TCGA) revealed
an association between PTTG1 and both M-stage and recurrence. Enrich-
ment analyses indicated that PTTG1 DCEGs were involved in cell division,
nucleoplasm, protein binding, and the cell cycle pathway. These findings
suggest that PTTG1 may serve as a marker for distinguishing MPCa from
localized PCa and provide insights into its potential role in prostate cancer
progression.

1. Introduction

Prostate cancer (PCa) brings a serious threat to

cording to prediction of Cancer Statistics, 2024, about
34130 patients in United States will die caused by
PCa [2]. To date, surgery and radiotherapy were con-

health of patients in males, which is one of the most
prevalent malignant tumor among males. In terms of
incidence rate, PCa was identified as the most com-
mon cancer in males, and ranks the second most
common mortality among cancers in males [1]. Ac-

sidered as the main treatments for PCa in early
stage, the 5-year-survival rate of patients after
surgery or radiotherapy is able to reach 99% [3, 4].
Though localized PCa has a considerable prognosis,
with the development of disease, the 5-year-survival
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rate of patients is less than 30% once tumor cells
metastasize [5]. Previous studies had shown that the
metastasis rate of PCa is increasing each year [6].
Unfortunately, early prediction for metastatic prostate
cancer (MPCa) is immature, the molecular mecha-
nisms of MPCa also had never been clarified yet.
Therefore, it is vital to discover a molecular markers
and explore the molecular mechanisms in MPCa.

Pituitary tumor-transforming gene 1 (PTTG1, also
known as securin), located on 5933.3, which is one of
the major regulatory factors in separation of sister
chromatids, transcription of mRNA and development
of organs. Generally accepted function of PTTG1 is
ensuring the stability of chromosome structure in mi-
totic stage [7, 8]. Recently, limited studies indicated
that the expressed level of PTTG1 was upregulated
in PCa, and might promote the development of PCa
by regulating apoptosis of LNCaP cells [9]. Lin and
colleagues reported that overexpressed PTTG1 could
promote the occurrence of prostate cancer by activ-
ing MMP13 [10]. In vitro experiments, Huang et al.
reported that the expression of PTTG1 was upregu-
lated in PCa, and promote prostate cancer cell prolif-
eration by regulating SMAD3 [11]. However, though
PTTG1 expressed higher in PCa was also observed,
Castilla et al. thought the downregulation of PTTG1
was able to promote the multiplication of prostate
cancer cells through in vitro experiments [12]. Existed
studies about the expression level of PTTG1 in PCa
was consistent, but the functions of PTTG1 in PCa
remains controversial. In addition, more stress was
put on investigating the expression level of PTTG1 in
localized PCa in previous studies, the expression
level and molecular mechanism of PTTG1 in MPCa
was still unclear.

Therefore, the present study is aiming to prove the
expression level and effect of PTTG1 in PCa, mean-
while to investigate the expression and molecular
mechanism of PTTG1 in MPCa, and the clinical value
of PTTG1 differential expression in MPCa was identi-
fied. In addition, the co-expressed genes (CEGs) of
PTTG1 were used to investigate the potential molec-
ular mechanism in MPCa. PPI network analysis was
conducted to determine the potential target genes of
PTTG1 in MPCa. The molecular pathway of metasta-
sis of PCa regulated by differential expressed PTTG1
was assessed through enrichment analysis.
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2. Materials and Methods

2.1. Obtaining of the Expression Data of PTTG1 in
PCa and MPCa

The microarray and RNA-seq data of PCa and
MPCa were obtained from Gene Expression Om-
nibus (GEQO), Sequence Read Archive (SRA), Array-
Express, Oncomine and The Cancer Genome Atlas
(TCGA) database. The following words were applied
to retrieval datasets we need: (parastata OR prostat-
ic gland OR prostate gland OR prostat*) AND (can-
cer OR carcinoma OR tumor OR neoplas* OR malig-
nan* OR adenocarcinoma)
AND (miR OR miRNA OR microRNA). The process of
data screening was performed on Supplementary
material 1 The microarray and RNA-seq data includ-
ing PCa and non-PCa was showed on Figure 1, the
microarray and RNA-seq data including MPCa and
LPCa was showed on Figure 2. We downloaded the
MRNA expression matrix data of mentioned series,
and extracted mRNA expression data of PTTG1.
Then, transferring PTTG1 expression data according
to log2(x+1) conversion, the groups with cancer, nor-
mal, MPCa and LPCa patients were divided. RNA-
seq data and clinical parameters of the TCGA and
GTEx database were downloaded from UCSC Xena.
The included datasets were showed in Table 1.

2.2. The Screening of PTTG1 Potential Target
Genes in MPCa

2.2.1.The Screening of PTTG1 CEGs in MPCa

To gain the CEGs of PTTG1 in MPCa, we estimat-
ed Pearson’s r-values of chips, and chose the gene
for next step if p values < 0.05 and r > 0.3. The gene
would be identified as CEG of PTTG1 when it ap-
peared more than 5 times in 10 series.

2.2.2.The Screening of PTTG1 Differential
Upregulated Genes in MPCa
We analyzed mRNA-seq series with limma-voom

package and analyzed chip-seq with limma package,
then we got DEGs in resepective series (p values <
0.05, llog2FClI > 1). The differential upregulated
genes of PTTG1 in MPCa would be identified when it
appeared more than 5 times in 10 series. Genes
meeting from CEGs and differential upregulated
genes were interacted and considered as PTTG1 po-
tential target genes.

2.3. Functional Enrichment Analysis of Potential
PTTG1 Targets

The potential target genes of PTTG1 were entered
into the Database for Annotation, Visualization, and
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Table 1 | The included databases with PTTG1 expression in PCa and non-PCa.

Number of samples

ID Country Platform year PCa Non-PCa

GSE26910 Italy GPL570 2011 6 6
GSE32448 USA GPL570 2011 40 40
GSE32982 Finland GPL570 2011 6 3
GSE38043 USA GPL570 2012 3 3
GSE46602 Denmark GPL570 2013 34 14
GSE69223 Germany GPL570 2015 15 15
GSE104749 China GPL570 2017 4 4
GSE27616 USA GPL4133 2011 9 4
GSE12378 UK GPL5175 2008 36 3
GSE72220 USA GPL5175 2015 57 90
GSE94767 UK GPL5175 2017 185 33
GSE28204 China GPL6480 2011 4 4
GSE35988 USA GPL6480 2012 76 12
GSE32571 Germany GPL6947 2011 59 39
GSE134073 Germany GPL11154 2020 56 8
GSE60329 Italy GPL14550 2014 108 28
GSE73397 China GPL20952 2015 3 3
GSEB88808 USA GPL22571 2016 49 49
GSE134051 Germany GPL26898 2020 216 39
TCGA+GTEX NA NA NA 499 152

NOX4, NADPH oxidase 4; PCa: prostate cancer; TCGA: The Cancer Genome Atlas; GTEx: The Genotype-Tissue
Expression.
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Figure 1 | The expression levels of PTTG1 in Non-PCa Figure 21 ROC curves of PTTG1 in PCa.

and PCa. PTTGH1, Pituitary tumor-transforming gene 1; ROC, receiv-
PTTG1, Pituitary tumor-transforming gene 1; PCa, er operating characteristic; AUC, area under the
prostate cancer. curve;PCa, prostate cancer.
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Table 2 | The means and standard deviations of PTTG1 expression values for PCa and non-PCa based on 11

studies.
PCa Non-PCa
Study Sample type N Iy SD N r SD

GPL570 Tissue 110 4.393 0.987 85 4.034 0.838
GPL4133 Tissue 9 1.971 1.676 4 -0.265 0.613
GPL5175 Tissue 278 4.847 0.455 126 4.802 0.345
GPL6480 Tissue 80 2.017 1.436 16 0.647 0.370
GPL6947 Tissue 59 7.068 0.504 39 6.717 0.192
GPL11154 Tissue 56 5.105 1.325 8 4.281 1.443
GPL14550 Tissue 108 0.072 1.029 28 0.081 0.379
GPL20952 Tissue 3 10.001 0.288 3 9.787 0.159
GPL22571 Tissue 49 7.466 0.767 49 6.939 0.575
GPL26898 Tissue 216 6.667 0.234 39 6.628 0.274
TCGA+GTEX Tissue 499 1.767 0.754 152 1.120 0.708

NOX4, NADPH oxidase 4; PCa: prostate cancer; N: number; M: mean; SD: standard deviation; TCGA: The Cancer

Genome Atlas; GTEx: The Genotype-Tissue Expression.

Integrated Discovery (DAVID) 6.8. for Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis to predict potential signal
pathways. The terms with p values < 0.05 were
screened out. The PPl network was constructed by
Search Tool for the Retrieval of Interacting Genes
(STRING) and Cytoscape software 3.8.2. CCNAZ2,
CCNB1 and CDK1 had the highest degree of connec-
tivity in the PPI network and were further discussed.

2.4. Correlation Analysis Between PTTG1 and
CCNA2, CCNB1 and CDK1
The expression data and clinical parameters of
PTTG1 and CCNA2, CCNB1 and CDK1 in MPCa
was obtained from public database. And then the cor-
relation between miRNA-221-3p and CELSR3 was
analyzed.

2.5. Immune-Related Analysis

The correlation modules supported by Tumor Im-
mune Estimation Resource (TIMER) 2.0 and Gene
Expression Profiling Interactive Analysis (GEPIA)
were used to assess the abundance of immune infil-
trates in PCa tumor and paired paracancerous tissue.
We verified significantly correlated immune genes of
PTTG1 through GEPIA database.

2.6. Statists Analysis

All statistical analysis were computed using SPSS
23.0. Student’s t-tests were used to assess differ-
ences between different groups, mean * standard

20

deviation was represent values. In addition, receiver
operating characteristic (ROC) curves analysis was
conducted to evaluate sensitivity and specificity of
above datasets. We also used Stata 14.0 to estimate
standard mean difference (SMD) and summary ROCs
(sROCs). Study was considered to be heterogeneous
when P < 0.05 or 12 > 50%, and a random-effects
model would be adopted, or else a fixed-effects mod-
el was applied. To probe the source of heterogeneity,
subgroup and sensitivity analysis was applied. Begg’s
test and Egger’s test were applied to uncover publica-
tion bias. Supplementary material 2 depicts our study
workflow.

3. Result

3.1. Expression and Discrimination Potential of
PTTG1 in PCa

First, a total of 19 qualified GEO chips and some
TCGA+GTEx sequencing data were collected, includ-
ing 1,467 prostate cancer samples and 549 normal
samples, from which we extract the expression data
of PTTG1. The expression of PTTG1 in each mRNA
chip or section of TCGA+GTEXx sequencing data was
clarified through independent t-tests. According to
collected data, PTTG1’'s mRBNA was found to be up-
regulated in prostate cancer tissues compared to
normal tissues (Table.2 and Fig.1), the ROC curves
of all data was drawn (Fig. 2). The meta-analysis re-
sults indicated that PTTG1 was significantly upregu-
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Table 3 | The means and standard deviations of PTTG1 expression values in LPCa and MPCa based on 10
studies

Sample MPCa LPCa
Study Country Year
type N M SD N M SD

GSE3325 USA 2005 tissue 4 11.805 1.797 5 8.945 0.177
GSE32269 USA 2011 tissue 29 6.613 1.247 22 4.879 1.257
GSE77930 USA 2016 tissue 149 3.446 0.848 22 0.791 1.079
GSE6919 USA 2007 tissue 25 8.010 0.557 66 6.511 0.548
GSE116918 UK 2018 tissue 22 0.172 0.306 225 0.148 0.121
GSE68882 USA 2015 tissue 9 7.848 0.263 23 7.579 0.265
GSE55935 Norway 2014 tissue 8 9.371 1.339 38 6.281 0.902
GSE27616 USA 2011 tissue 4 13.937 1.367 5 -3.681 0.543
GSE35988 USA 2012 tissue 32 14.108 1.411 59 13.309 1.353
TCGA NA NA tissue 21 2.506 0.890 478 1.733 0.722

CELSRa3: cadherin EGF LAG seven-pass G-type receptor 3; LPCa: localized prostate cancer; MPCa: metastatic
prostate cancer; N: number; M: mean; SD: standard deviation; TCGA: The Cancer Genome Atlas.

Upper Cl Lt ( Boga's fsmnel plot it pucad 955 conlidence Lt D Egger's pubiicaion b plot
10
24
1

e—

100t (ESS)

1.0 0.5 0.0

Specificity Diagnostic Odds Ratio

Figure 3 | The expression level and discrimination potential of PTTG1 in PCa.

(A) Forest plot showing the combined SMD of 0.55 (0.29 to 0.81), indicating that the expression of PTTG1 in PCa is
higher compared to that of non-PCa. (B) Sensitivity analysis showing the combined SMD is stable. (C) Begg’s test
showing no publication bias (p > 0.05). (D) Egger’s test showing no publication bias (p > 0.05). (E) sROC curve assess-
ing the discrimination potential of PTTG1 in PCa. (F) Funnel chart showed no publication bias (p = 0.37). (G)The ex-
pression of PTTG1 is able to distinguish PCa and non-PCa. (H) Likelyhood ratio of PTTG1 in PCa. PTTG1, Pituitary
tumor-transforming gene 1; SMD, standard mean deviation; Cl, confidence interval; sROC, summary receiver operating
characteristic; AUC, area under the curve; PCa, prostate cancer.

lated in PCa tissues with the SMD of the random-ef- potential to discriminate PCa from normal cells (Fig.
fect model being 0.55 (95CI%: 0.29, 0.83), and there 3).

was no publication bias (Fig. 3). We also did not find
significant data heterogeneity (Fig.3). In addition, the
AUC of sROC was 0.75 (95%Cl: 0.71, 0.79), with
pooled sensitivity and specificity being 0.62 and 0.77
which showed PTTG1 has a medium discrimination

3.2. Expression and Discrimination Potential of
PTTG1 in MPCa Based on Chips, TCGA Data

Subsequently, 303 metastatic prostate cancer
(MPCa) samples and 943 localized prostate
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cancer(LPCa) samples were performed to the follow-
up research (Fig.4 and Fig.5). We found the expres-
sion of PTTG1 was clearly high expressed in MPCa
tissues with the SMD of the random-effect model be-
ing 2.28 (95CI%: 1.38, 3.19) (Table 3 and Fig.6), the
result was no publication bias (Fig.6). Similarly, we
did not find the source of heterogeneity (Fig.6). After
producing the ROC curves and constructing the
sROC curve, we thought PTTG1 has an extremely
high potential to be identified as a target to discrimi-
nate MPCa from LPCa cells, for the AUC of sROC
was 0.97 (95%CI: 0.95, 0.98) (Fig.5 and Fig.6).

3.3. Identification of PTTG1 DCEGs in MPCa

After interacting 1054 CEGs with 742 DEGs, 314
genes were identified as PTTG1 DCEGs in MPCa
totally.

3.4. Enrichment Analysis of PTTG1 DCEGs

Through GO analysis, PTTG1 DCEGs were signif-
icantly enriched in cellular response to cell division,
nucleoplasm and protein. Moreover, KEGG analysis
demonstrated PTTG1 DCEGs was significantly en-
riched in cell cycle (Fig.7). The Fig.8 presents PPI
network of PTTG1 DCEGs. CCNA2, CCNB1 and
CDK1 were identified as PTTG1 hubgenes in MPCa
(Fig.9).

3.5. Association of PTTG1 Expression With
Hubgenes and Clinical Parameters

As mentioned, CCNA2, CCNB1 and CDK1 were
identified as hubgenes of PTTG1 in MPCa, the corre-
lation between PTTG1 and hubgenes was showed on
Fig.10. Interestingly, there were significant differences
in the expression of M-stage and recurrence in the
larger TCGA samples (Fig.11). As for other factors
such as T, N stages of PCa or ages, there is no sig-
nificant relevance to be found.

4. Discussion

Herein we extracted the mRNA microarray and
RNA-Seq data with 325 MPCa samples and 724
LPCa samples from GEO and TCGA databases, and
determined the PTTG1 expression level by estimating
SMD and sROCS. Our analysis was observed that
the PTTG1 expression level in MPCa was higher than
that in LPCa. In addition, PTTG1 is also highly ex-
pressed in PCa. Moreover, enrichment analysis were
also used to explore the potential molecular mecha-
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Figure 6 | The expression level and discrimination potential of PTTG1 in MPCa

(A) Forest plot showing the combined SMD of 2.28 (1.38 to 3.19), indicating that the expression of PTTG1 in MPCa is
higher compared to that of LPCa. (B) Sensitivity analysis showing the combined SMD is stable. (C) Begg’s test showing
no publication bias (p > 0.05). (D) Egger’s test showing no publication bias (p > 0.05). (E) sROC curve assessing the
discrimination potential of PTTG1 in PCa. (F) Funnel chart showed no publication bias (p = 0.20). (G)The expression of
PTTG1 is able to distinguish MPCa and LPCa. (H) Likelyhood ratio of PTTG1 in MPCa. PTTG1, Pituitary tumor-trans-
forming gene 1; SMD, standard mean deviation; Cl, confidence interval; sSROC, summary receiver operating character-

istic; AUC, area under the curve; PCa, prostate cancer.
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Figure 7 1 GO and KEGG analysis based on PTTG1
related differentially expressed and co-expressed
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(A) Biological process; (B) Cellular component; (C) Mol-
ecular function; (D) KEGG pathway. GO, Gene Ontol-
ogy; KEGG, Kyoto Encyclopedia of Genes and
Genomes; PTTGH1, Pituitary tumor-transforming gene 1.
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Figure 8 | PPI network analysis of PTTG1 target genes
in MPCa

PPI, Protein-protein interaction; PTTG1, Pituitary tumor-
transforming gene 1; MPCa, metastatic prostate cancer.
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nisms and signal pathways of differential expressed
PTTGH1 in regulating of PCa metastasis.

As a multifunctional protein, PTTG1 plays an im-
portant role in cell transformation, repairing of DNA,
and transcriptional regulation. Previous study have
shown that overexpression of PTTG1 plays important
roles in accelerating the division and differentiation of
tumor cells and the formation of tumor cells [13]. Cur-
rently, many studies have shown that upregulated
PTTG1 was associated with poor prognosis in many
malignant tumors, including liver cancer, lung cancer,
breast cancer and esophageal squamous cell carci-
noma [14-18]. Through changing the transcriptional
profile of siRNA-mediated LNCap-Al cells, Cao et al.
found that downregulated PTTG1 could inhibit the
invasions of PCa cells and promote their apoptosis
[19]. After treating LNCap cells with paclitaxel, Castil-
la et al. believed that the overexpression of PTTG1 in
PCa was a protective factor in tumor apoptosis [12].
Moreover, PTTG1 has also been shown to be associ-
ated with MPCa. Dai et al. predicted that PTTG1 was
differential expressed in MPCa by bioinformatics
method, which had been verified in small samples
[20]. However, to our knowledge, no studies have
proved the differences of PTTG1 expression levels
between MPCa and LPCa. Fraune et al. concluded
that the differential expression of PTTG1 in MPCa but
the result was not statistically significant [21]. It is
noteworthy that, for the first time, we reported the up-
regulation of PTTG1 expression is significantly asso-
ciated with metastasis of PCa and have a high poten-
tial to discriminate MPCa from LPCa cells.

At present, the molecular mechanism of PTTG1 in
MPCa transfer had never been reported. Lin et al.
suggested that upregulated PTTG1 might upregulate
the expression of MMP3 through the PI3K/Akt path-
way, and then promoted PCa metastasis. A research
managed by Zhang reported that androgen response
elements on the PTTG1 promoter increased the affin-
ity of androgen and the receptor, which promoted
PCa metastasis [22]. Nevertheless, existed research-
es were not able to clarify the potential signal path-
ways that how PTTG1 influences the metastasis of
PCa. Our enrichment results showed that the DCEGs
of PTTG1 were significantly enriched in the cell cycle
pathway. After searching the literature, we found
some meaningful views. It has been reported that
high PTTG1 expression probably promoted the prolif-
eration of PCa cells by inhibiting TGF@ signaling me-
diated through activating the cell cycle inhibitor
SMADS, which was similar to our results [11]. Al-

24

IJCMP | Vol. 1 No. 2 (February 2025)

£8 Mismatch repair

EB Base excision repair €3 Homologous recombination 8 Fanconi anemia pathway

&

Small cell lung cancer p53 signaling pathway ococyte

DNA replication Oocyte meiosis Cell cycle

Figure 9 1 PTTG1 related differentially expressed and
co-expressed genes were significantly enriched in
Cell cycle pathway; CCNA2, CCNB1 and CDK1 were
identified as hubgenes in Cell cycle

(A) Ten signaling pathways were analyzed based on
KEGG enrichment; (B) The 34 genes enriched in Cell
cycle pathway of KEGG were further explored. PTTGH1,
Pituitary tumor-transforming gene 1;KEGG, Kyoto Ency-
clopedia of Genes and Genomes.

though there is no direct evidence that overexpressed
PTTG1 promotes PCa metastasis by participating in
the cell cycle pathway, many studies have reported
that the occurrence and development of MPCa was
correlated with the cell cycle pathway. Huang et al.
found that Ganoderma tsugae ethanol extract was
able to inhibit the cell cycle by inhibiting the expres-
sion of cyclin, and blocking the PISK/Akt and MAPK/
ERK signaling pathways, and then inhibiting the pro-
liferation and metastasis of PCa cells [23]. Marques
et al. indicated that Radium-223 had the ability to ac-
tivate cell cycle checkpoints, which causing MPCa
cell cycle arrest and promoting cell death [24]. Be-
sides, existed studies also suggested that the cell cy-
cle pathway was involved in the metastasis of a vari-
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Figure 10 | The expression of PTTG1 is positively correlated with the expression of CCNA2, CCNB1 and CDK1
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Figure 11 | Correlation analysis of clinical parameters

One or more “ * ” represent significant difference. (A) TCGA data set; (B) GSE46602 data set.

ety of cancers, such as hepatocellular carcinoma and
breast cancer [25, 26]. However, whether the upregu-
lated PTTG1 promotes the occurrence and develop-
ment of MPCa through the cell cycle pathway still re-
quires further in vitro and in vivo experiments.

By analyzing PTTG1 expression levels in PCa pa-
tients with different clinical parameters, the authors
found that PTTG1 expression levels did not differ
among patients with different ages, stages, relapses,
and Gleason scores in datasets with a small sample.
However, in larger sample sizes (data from TCGA),

25

we found that PTTG1 is upregulated in patients with
tumor metastatic and recurrence, which is very inter-
esting. In the processes of literature retrieval, we did
not find any studies that reported the relationship be-
tween the expression level of PTTG1 and patients
with different clinical parameters. Our results provides
a new research idea and need to be verified with
more samples in the future.

This study also has some limitations: (1) a signifi-
cant heterogeneity was observed in this study. Due to
insufficient sample size and sample information, we
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were unable to find the source of heterogeneity, a
random-effects model was applied. Further validation
of our findings is required in a larger clinical cohort.
(2) all the samples of MPCa herein were collected
from tissues, thus the expression of PTTG1 in the
body fluids of MPCa should be estimated to verify
their diagnostic value. (3) the functions of PTTG1 and
three identified hubgenes in MPCa need to be further
validated in vivo and in vitro.

In conclusion, by analyzing samples from public
databases, we proposed for the first time that PTTG1
is upregulated in MPCa and plays an important role in
the occurrence and development of MPCa.
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Supplementary material 1 | The process of data screening

653 datasets screened in TCGA,
ArrayExpress, SRA, GEO, Oncomine

609 notes were excluded based on
title and summary

44 datasets considered for further
evaluation

24 notes without adequate data

20 datasets met the eligibility criteria for
CELSR3 expression in PCa and non-PCa

Supplementary material 2 | The study workflow
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ABSTRACT

A randomized controlled trial was conducted with 66 male track and field
jumpers to evaluate the effects of immediate and delayed foam rolling (FR)
on muscle recovery. Participants performed a standardized exercise proto-
col and were divided into three groups: immediate FR post-exercise, de-
layed FR 15 hours post-exercise, and a no-intervention control group. Re-
covery was measured through vertical jump power and pressure pain
threshold (PPT) to assess delayed-onset muscle soreness (DOMS). While
both FR protocols significantly reduced DOMS compared to the control,
only the delayed FR group showed meaningful improvements in jump pow-
er recovery. Delayed FR appears more effective due to its timing, allowing
initial inflammation and repair processes to occur before intervention, which
enhances tissue remodeling and waste clearance. These results suggest
that delayed FR (=15 hours post-exercise) is a more effective recovery
strategy for athletes.

1. Introduction

cise period (0—12 hours) coincides with a pro-inflam-
matory peak phase, during which mechanical loading

Foam rolling (FR) training, a form of self-myofas-
cial release (SMR) technique, is currently one of the
most popular SMR methods due to its large rolling
area and standardized operational procedures.
(Michalak et al. 2024) Although existing studies have
demonstrated that FR may enhance flexibility, facili-
tate muscle recovery, improve athletic performance,
and reduce delayed onset muscle soreness (DOMS),
the results remain inconclusive due to heterogeneity
in research methods.(Cheatham et al. 2015) Emerg-
ing evidence suggests that the immediate post-exer-

may exacerbate exercise-induced microtrauma. In
contrast, the subsequent repair phase (12-24 hours
post-exercise) is characterized by heightened fibrob-
last activity, where controlled interventions such as
foam rolling (FR) can leverage shear forces to facili-
tate organized collagen realignment and tissue re-
modeling.(Friden and Lieber 1992, Hendricks et al.
2020, Aune et al. 2019) Concurrently, emerging evi-
dence supports the efficacy of immediate post-exer-
cise FR. Acute FR application reduces arterial stiff-
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Table 1 | Participant Characteristics
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Group Age (years) Height (cm) Weight (kg)
Experimental Group 1(E1) 225+1.5 1805 75+5
Experimental Group 2(E2) 23+1.8 178+4.5 73+4.8
Control Group(C) 22.8+1.6 179+4.7 74+4.9
ness and elevates nitric oxide bioavailability, tran- SR
siently enhancing range of motion (ROM).(Pearcey et 7 —— | Test
al. 2015) Mechanistically, mechanical pressure acti-
vates mechanotransduction pathways that drive tran-
scriptional upregulation of COX7B and ND1, acceler- Test > | Training  |-> | experimental S p——
ating muscle repair,(Crane et al. 2012) while concur- group2: delayed FR | ~
rently enhancing lymphatic clearance of metabolic
byproducts (e.g., lactate, myoglobin) to mitigate in- L] controlgroup:
flammation.(Baechle and Earle 2008) Notably, acute no SMR i

FR intervention correlates with diminished expression
of stress markers (e.g., heat shock proteins) and pro-
inflammatory cytokines,(Crane et al. 2012) alongside
elevated neutrophil mobilization and attenuated
plasma creatine kinase levels,(Smith et al. 1994) col-
lectively suggesting optimized tissue recovery with
reduced secondary damage.

In this study, we conducted experiments to investi-
gate: (i) the effects of immediate versus delayed (15
hours post-exercise) FR on athletic performance re-
covery; and (ii) the impact of immediate versus de-
layed FR on the occurrence of DOMS. We hypothe-
sized that: (i) there would be no significant differ-
ences between the two FR timing protocols regarding
athletic performance recovery; and (ii) all participants
would experience DOMS post-exercise, but the de-
cline in PPT would be less pronounced in the FR
groups.

2. Methods

2.1. Sample Size Justification

A priori power analysis was performed using
G*Power 3.1 (Heinrich-Heine-Universitat Disseldorf,
Germany) to determine the minimum sample size re-
quired for detecting medium-effect differences among
groups. Based on a one-way ANOVA design (three
groups: immediate FR, delayed FR, control) with an
assumed effect size of ( f = 0.25 ) (Cohen’s conven-
tion for medium effects), a = 0.05 (two-tailed), and
power = 0.80, the analysis yielded a total sample size
of 66 participants (22 per group). To account for po-
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Figure 1 | Flowchart

tential attrition (estimated at 10%), the target enroll-
ment was adjusted to 73 participants. This calculation
aligns with prior studies investigating foam rolling in-
terventions and DOMS recovery, ensuring robust de-
tection of clinically meaningful differences in neuro-
muscular function and pain thresholds.Shanghai
Normal University Academic Ethics and Ethics Com-
mittee approved the study.

2.2, Participants

Sixty-six male track and field athletes specializing
in jumping events, with over two years of training ex-
perience, participated in the study (Table 1) . Partic-
ipants were randomly assigned to Experimental
Group 1 (immediate FR), Experimental Group 2 (de-
layed FR), or the control group (no FR), with eight
participants in each group. All participants volun-
teered for the study, had no acute joint or muscle in-
juries in the past six months, and had at least two
years of resistance training experience.

2.3. Design

The study included two experimental groups and a
control group. All participants were familiarized with
the experimental procedures prior to the study (Fig-
ure 1). Experimental Group 1 performed FR immedi-
ately after the exercise protocol, Experimental Group
2 performed FR 15 hours post-exercise (at 8:00 AM
the next day), and the control group did not perform
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Figure 2 | Exercise Protocol (from top to bottom: half squat, high pull from knee
level, pogo jump;From left to right, the start and end poses)

any form of SMR. Testing was conducted at 2:00 PM
the day after the exercise protocol.

2.4. Exercise Protocol

Participants received instruction on the exercise
protocol one week in advance and were required to
execute it accurately. The training included traditional
resistance exercises to simulate the daily training of
track and field athletes (Figure 2):

Barbell half squats (70%—80% 1RM; repetitions: 8,
6, 5),High pulls from knee level (70%—80% 1RM;
repetitions: 8, 6, 5).

Functional strength exercises:4 sets of 12 consec-
utive pogo jumps,4 sets of 20 seconds of high-knee
running in place.
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One-repetition maximum (1RM) was defined as
the maximum weight lifted with proper form in a squat
to parallel position, with incremental load increases.
Participants' 1RM values were tested in advance to
calculate individual training loads with precision.

2.5. Foam Rolling Protocol

Both experimental groups followed the same FR
protocol(Peacock et al. 2014, Behara and Jacobson
2017, Aune et al. 2019) using a conventional high-
density foam roller (length 30 cm, diameter 15 cm;
BLACKROLL, Bottighofen, Switzerland).

The FR protocol was performed as shown in Fig-
ure 3, following the sequence from A to E: This in-
cludes 2 minutes per side for the gluteus maximus
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Figure 3 | Foam Rolling Protocol Diagram

and gluteus medius in the hip region, 1.5 minutes for
the latissimus dorsi and lower back, 2 minutes per leg
for the gastrocnemius and soleus in the calf, 2 min-
utes per leg for the semitendinosus, semimembra-
nosus, and biceps femoris in the posterior thigh, and
2 minutes per leg for the rectus femoris, vastus medi-
alis, vastus lateralis, and vastus intermedius in the
anterior thigh.

3. Equipment and Variables

3.1. Testing Overview

Each testing session comprises the following as-
sessments to comprehensively evaluate the subjects'
muscular function and pain perception.

3.2. Muscle Strength

Lower limb muscle power was estimated using the
formula proposed by Sayers et al. (Sayers et al.
1999):
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Power(W)=[Vertical Jump Height(cm)60.7]+[Body
Mass(kg)x45.3]-2055;

Participants were weighed using the same elec-
tronic scale (Delixi, Zhejiang, China), and jump height
was measured using the My Jump 2 application,
which has been validated for high reliability and valid-
ity.(Bogataj et al. 2020, Chow, Kong, and Pun 2023,
Haynes et al. 2019) The jump test was adapted from
Vaisman et al.(Vaisman et al. 2017) Participants be-
gan from a half-squat position with knees flexed at
90°,maintained the position for 2 seconds to minimize
the influence of the stretch-shortening cycle (SSC).
They then performed a maximal vertical jump. Each
participant performed three non-consecutive trials,
(Booher et al. 1993)with the highest jump height
recorded.
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PPT(kPa) POWER(W)

Pre Post Corgn::r?son Pre Post Con':n::rri‘son
E1 601.88+13.34 577.50+14.72 P <0.01 5210.66+143.24 5068.18+181.84 P=0.2156
E2 603.13+12.58 588.13+12.58 P <0.01 5149.25+101.84 5193.29+96.08 P <0.01
C 605.00+10.00 548.75+7.98 P <0.01 5203.89+171.95 5024.43+172.39 P<0.01

3.3. Pressure Pain Threshold (PPT)

The pressure pain threshold is assessed using a
hand-held dolorimeter with a 1 cm rubber tip (Al-
gometer Il, Somedic SenselLab, Sweden). This de-
vice applies controlled and gradually increasing pres-
sure to specific muscle sites. We put the device on
the rectus femoris muscle at 50% of the distance be-
tween the anterior spina iliaca superior and the supe-
rior part of the patellain the rate of 30kPa/s until the
participant reports the sensation of pressure turning
into pain.(Baumgart et al. 2019)The data is referred
to as Pressure Pain Threshold (PPT), currently de-
fined as "the minimum necessary intensity of a pres-
sure stimulus that is perceived as painful."(Ylinen
2007)Before testing, participants are asked to sit on a
chair with their legs naturally bent and feet flat on the
ground to ensure the rectus femoris is in a relaxed
state.

4. Data Processing

For data analysis, Hedges' g is utilized to evaluate
the effects of foam rolling (FR) interventions at differ-
ent time points on performance and muscle pain be-
tween two groups. The calculation of Hedges' g is as
follows:

Wposl, foam rolling — Mpre, foam rolling ijpost, control Mpre, control )

SD

pre

g=Cp

Table 3 | Hedges' g Effect Sizes for PPT and Power

In this context, Cp is a bias correction factor used

for small sample sizes,(Morris 2008)aimed at mini-
mizing the bias that may arise from small sample

measurements. Mpost,foamrolling - Mpre,foamrolling

represents the difference between the post-test and
pre-test means for the foam rolling group, while

M, o5t controt = Mipre contror TEPTESENtS the difference

between the post-test and pre-test means for the con-

trol group. SD,,,., denotes the pooled standard devia-

tion of the pre-test measurements.

5. Result

The results of the experimental tests are shown in
Table 2 and Figure 4-5.Independent sample t-tests for
each group (E1 vs E2; E1 vs C; E2 vs C) revealed no
significant differences (1=0.409, p=0.6888; t=0.069,
p=0.946; t= -0.3272, p=0.7483), followed by paired
sample t-test for the difference between the two data
except E1 (P <0.01). To compare the magnitude of
the differences, the Hedges' g value analysis was
performed, and the results are shown in Table 3.

6. Discussion

Post-exercise stretching and relaxation are essen-
tial for recovery,(Medicine 2013)and SMR is an effec-
tive method for promoting recovery in most cases .
(Casanova et al. 2018) Regarding the timing of post-
exercise stretching, many individuals, including ath-
letes, are accustomed to performing it immediately

PPT POWER
E1vsC 2.355 0.159
E2vs C 3.305 1.337
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after exercise (immediate recovery), while others pre-
fer to schedule muscle relaxation training for the next
morning or on a separate day (delayed recovery).

6.1. Pressure Pain Threshold (PPT)

All groups exhibited a significant decrease in PPT
post-exercise,indicating the presence of exercise-in-
duced muscle soreness (Figure 4). However, the re-
duction in PPT was less pronounced in both the E1
and E2 groups compared to the Control group. This
suggests that foam rolling effectively mitigated
DOMS. Notably, the E2 group demonstrated the
smallest decrease in PPT, with a Hedges' g effect
size of 3.305, indicating a large effect. This finding
implies that delayed foam rolling is more effective in
alleviating muscle soreness than immediate foam
rolling.

This finding aligns with current international re-
search.(Pearcey et al. 2015, Cheatham et al. 2015,
D'Amico and Gillis 2019, Hendricks et al. 2020,
Nazarudin et al. 2021)

Furthermore, Experimental Group 2 (delayed FR)
exhibited a larger effect size compared to Experimen-
tal Group 1 (immediate FR). This may be because
delayed FR better facilitates muscle recovery. Post-
exercise, muscles experience micro-damage and in-
flammatory responses.(Friden and Lieber 1992) Im-
mediate FR might increase mechanical stress on the
muscles, potentially hindering the initial repair
process. Delaying FR by 15 hours allows for initial
self-repair, after which FR can enhance blood circula-
tion, reduce the accumulation of inflammatory media-
tors, expedite the removal of metabolic waste, and
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more effectively alleviate muscle pain and promote
strength recovery.

6.2. Jump Power

In terms of muscle strength recovery, both Exper-
imental Group 2 and the control group showed signif-
icant reductions in jump power. Interestingly, Experi-
mental Group 1 did not show a significant change in
jump power (p =0.216). An examination of the mean
values and standard deviations suggests that this
may be due to outliers within the group (e.g., one par-
ticipant's post-test jump power increased by approxi-
mately 395 W compared to the pre-test, while others
remained stable or slightly decreased). The Hedges'
g results for jump power also indicated a large effect
size for delayed FR, whereas immediate FR did not
show a significant effect. This contrasts with the PPT
effect sizes and suggests that delayed FR may have
advantages over immediate FR in terms of strength
recovery.

The scatter plots in Figure 4 and Figure 5 support
these results. In Figure 4, the Control group's PPT
values decreased substantially post-exercise, where-
as the E1 and E2 groups exhibited smaller reduc-
tions, with the E2 group's post-test PPT values re-
maining closer to pre-test levels. In Figure 5, the Con-
trol group's jump power decreased notably post-exer-
cise; the E1 group showed minimal change, and the
E2 group participants either maintained or improved
their jump power in the post-test.

7. Conclusion

Comparative analysis indicates comparable effica-
cy between immediate and delayed FR interventions
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in attenuating exercise-induced myalgia. However,
delayed FR protocols demonstrated superior perfor-
mance in restoring neuromuscular function and miti-
gating symptoms of DOMS. Practical implementation
considerations suggest preferential application of de-
layed FR regimens, particularly within self-adminis-
tered recovery contexts. Post-exercise fatigue states
associated with high-intensity training may compro-
mise subject adherence and technique precision in
self-administered FR interventions when implement-
ed immediately following physical exertion. Further-
more, acute mechanical loading through FR modali-
ties on fatigued musculature may transiently amplify
tissue stress biomarkers, potentially counteracting
early-phase regenerative pathways.
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KEYWORDS ABSTRACT

Heavy Metals, This study examines the link between heavy metal exposure and heart fail-
Heart Failure, ure risk in individuals aged 50 and older, utilizing machine learning models
Machine Learning, and data from the NHANES dataset. Five models were evaluated, with
NHANES

Gradient Boosting Decision Trees (GBDT) selected for its accuracy, inter-
pretability, and ability to capture nonlinear relationships. The GBDT model
achieved an accuracy of 0.78, sensitivity of 0.93, and an AUC of 0.92.
Analysis revealed that higher levels of urinary iodine, blood cadmium, uri-
nary cobalt, urinary tungsten, and urinary arsenic acid were significantly as-
sociated with increased heart failure risk. Synergistic effects with age and
BMI further amplified these risks. Interpretability tools such as SHAP, per-
muted Feature Importance, ICE, and PDP were used to enhance model
transparency and understanding. These findings underscore the importance
of ongoing research into the mechanisms linking heavy metals and heart
failure and the need for monitoring and regulatory measures to protect vul-
nerable populations.

1. Introduction global public health issue. Heavy metals typically
function by displacing essential metal ions in the hu-
man body[2], leading to disruptions in critical biologi-
cal pathways. Such disruptions can result in endothe-
lial cell damage[3-5], disturbances in lipid me-
tabolism[6], increased oxidative stress[7, 8], immune

Individuals are unavoidably exposed to environ-
ments containing heavy metals, and these elements
can infiltrate the human body via ingestion and in-
halation[1]. The threat of heavy metals to human
health continues to exist and has now become a
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homeostasis imbalance[9, 10], and epigenetic modifi-
cations[11], all of which may contribute to the devel-
opment of various cardiovascular diseases. Exposure
to heavy metals during pregnancy has been linked to
an increased risk of congenital heart defects in off-
spring [12, 13]. Additionally, exposure in preschool
children may lead to arrhythmias[14], while heavy
metal exposure has been associated with hyperten-
sion[15]. The impact of exposure to some heavy met-
als on the incidence of heart failure has also been
studied[16, 17].

Heart failure isn't a standalone iliness but rather
the end stage of various heart diseases, which con-
tinues to be a significant contributor to mortality, mor-
bidity, and diminished quality of life globally[18]. Heart
failure impacts the health of more than 60 million
people worldwide[19], and the lifetime risk of heart
failure has risen to 24%, roughly one in four people
will develop heart failure in their lifetime[20]. Re-
search indicates a significant correlation between
cadmium exposure and the incidence of heart
failure[21-24]. And the level of urinary antimony ap-
pears to be directly proportional to the risk of heart
failure[25]. Besides, epidemiological research has
indicated that exposure to cobalt and lead elevates
the risk of heart failure[16, 26]. However, previous
research has predominantly relied on conventional
statistical methods, which exhibit limited flexibility in
modeling complex relationships and often operate
under restrictive assumptions regarding underlying
data distributions[27]. Furthermore, much of the exist-
ing literature has focused on examining the effects of
a single type of heavy metal in isolation. This ap-
proach may overlook potential interactions and cumu-
lative effects of multiple heavy metals, thereby limit-
ing the comprehensiveness of the findings. Thus, a
more integrated and flexible modeling framework,
machine learning, may be necessary to capture the
intricacies of heavy metal exposure and its mul-
tifaceted impact on heart failure risk.

Our study conducted a comprehensive analysis of
laboratory indicators for various heavy metal ele-
ments in both blood and urine, utilizing data from the
National Health and Nutrition Examination Survey
(NHANES) database spanning 2003 to 2020. This
robust database provides high-quality, nationally rep-
resentative data essential for public health research,
integrating interviews, physical examinations, and
laboratory assessments. Furthermore, we employed
advanced machine learning algorithms for the analy-
sis, enhancing our ability to uncover meaningful rela-
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tionships within the data. Machine learning tends to
prioritize predictive performance and generalization
over interpretability, with a mathematical emphasis on
cross-validation and iterative enhancement of algo-
rithms[28]. This implies that machine learning algo-
rithms frequently outshine traditional statistical predic-
tion methods, however, less transparent compared to
conventional statistical approaches. Consequently,
there is a need for explanatory models in machine
learning. SHAP (SHapley Additive exPlanations) is a
technique for interpreting machine learning models,
employing the computation of Shapley values to as-
certain the contribution of each feature to a given
prediction, and thus facilitates the generation of
transparent explanations by leveraging these calcu-
lated Shapley values[29, 30]. In this study, we chose
five machine learning algorithms for our analysis,
identified the best-performing model, and utilized the
SHAP model for interpreting.

2. Method

2.1. Data Source

All variable information was sourced from the
NHANES (the National Health and Nutrition Examina-
tion Survey) database (htips:/wwwn.cdc.gov/Nchs/
Nhanes). The NHANES database, carried out by the
Centers for Disease Control and Prevention (CDC) in
the United States, combines interviews, laboratory
tests and physical examinations on a nationally rep-
resentative sample of American residents every two
years. We downloaded the variables data from the
annual datasets of NHANES 2003-2004, NHANES
2005-2006, NHANES 2007-2008, NHANES
2009-2010, NHANES 2011-2012, NHANES
2013-2014, NHANES 2015-2016, NHANES
2017-2018, and NHANES 2019-2020, match all vari-
ables for each year by the unique sequence num-
bers, and ultimately merged the datasets for all the
years. The features and labels encompassed in the
study include gender, age (year), race, education lev-
el, poverty-to-income ratio (PIR), height, weight, body
mass index (BMI, kg/m”2), urinary heavy metals (in-
cluding urine mercury, urine barium, urine beryllium,
urine cadmium, urine cobalt, urine cesium, urine
molybdenum, urine lead, urine platinum, urine anti-
mony, urine thallium, urine tungsten, urine uranium,
urine arsenous acid, urine arsenobetaine, urine ar-
senocholine, urine dimethylarsonic acid, urine
monomethylacrsonic acid, urine total arsenic, and
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urine iodine), blood heavy metals (including blood
cadmium, blood lead, blood mercury), and heart fail-
ure. The diagnosis of heart failure is ascertained
through self-reported physician diagnoses acquired
via standardized medical questionnaires in individual
interviews. Participants were queried: "Has a doctor
or other health professional ever told that you had
congestive heart failure?” If a person responds 'yes',
they will be regarded as having heart failure. Accord-
ing to the 10th revised edition of the International
Classification of Diseases and Related Health Prob-
lems (ICD-10), the code for congestive heart failure is
150.0, 150.1, 150.9[31]. Heavy metal samples in blood
and urine were processed, stored, and transported to
the Centers for Disease Control and Prevention and
the Science Department of the Environmental Health
Laboratory of the National Environmental Health Cen-
ter for analysis.

2.2. Study Population

The inclusion criteria were as follows: (1) partici-
pants were aged 50 or above; (2) participants under-
went heavy metal laboratory testing in blood and
urine samples; (3) heart failure status was 1 (ever
had a heart failure) or 2 (didn’t have a heart failure)
based on the NHANES questionnaires. Exclusion cri-
teria were as follows: (1) heart failure status was 7
(refused to answer this question) or 9 (means uncer-
tain heart failure status) according to NHANES ques-
tionnaires. Finally, a total of 6879 participants were
included in the present analysis.

2.3. Statistical Analysis

2.3.1.Statistical Description of Baseline
Characteristics Between Heart Failure
Group and no Heart Failure Group
The demographic description section was ana-
lyzed using R 4.2.3. In the baseline table, we divided
the participants into the heart failure group and the no
heart failure group for comparison. The baseline co-
variates were presented as mean (standard devia-
tion) for continuous variables and count (percentage)
for categorical variables, respectively. The t tests and
x2 tests were employed to compare the differences
between the groups for continuous and categorical
variables, separately. variables associated with heavy
metals concentration were depicted using geometric
mean and geometric standard deviation.
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2.3.2.Machine Learning Processing
2.3.2.1.Data Preprocessing and Splitting

The analysis of the machine learning section is
accomplished using Python 3.10.8 and Python Ii-
braries, including “sklearn”, “imblearn”, “numpy”, and
“pandas”. An overview of our methodology is pre-
sented in (Figure 1). BMI, age, gender, blood heavy
metals, and urinary heavy metals were selected as
feature variables, and heart failure as the target vari-
able for the machine learning model. “missForest”
was used for missing value imputation, which is an
iterative imputation approach based on random forest
method and can concurrently interpolate different
types of data[32]. The raw data was standardized us-
ing the “StandardScaler” function. The dataset was
randomly split into a training set (N=5159) and a test-
ing set (N=1720) in accordance with a specific ratio,
with the training set constituting 75% of all the
dataset. We calculated the Pearson correlation coef-
ficients of all predictor variable in the training set and
plotted heatmaps respectively before and after delet-
ing highly correlated variables (Supplementary figure
1). To reduce the influence of multicollinearity on the
model, features with Pearson coefficients exceeding
0.8 were removed[33]. The low variance features
have been removed, which possess limited explana-
tory information and make a minor contribution to the
model's predictive capacity.

2.3.2.2.Feature Selection and Model Training

After the initial feature filtering via the above-men-
tioned steps, we incorporated a pipeline consisting of
"RandomUnderSample", "SelectKBest", and the
model classifier for the subsequent analysis. Among
the pipeline process, RUS (RandomUnderSample) is
a sampling method that can create balanced classes
from imbalanced ones[34, 35], and “SelectKBest" is a
feature selection method that functions by scoring all
features and selecting the top “k” input variables with
the highest scores[36] (mutual information was se-
lected as the scoring metric, with higher scores indi-
cating a stronger correlation between the
variables[37]). Grid search was used for hyperpara-
meter tuning, thereby selecting the optimal hyperpa-
rameter values for each machine learning model[38]
(The detailed parameter information for the model is
provided in the supplementary materials). We chose
five machine learning models: SVM (Support Vector
Machine), RF (Random Forest), XGBoost (eXtreme
Gradient Boosting), GDBT (Gradient Boosting Deci-
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sion Tree), and KNN (k-nearest neighbor). Among
them, the GDBT was found to be the best one.

2.3.2.3.Model Evaluation and Comparison

To conduct a thorough and systematic comparison
of the machine learning models, we employed a mul-
tifaceted approach that included generating various
evaluation plots alongside calculating a comprehen-
sive set of performance metrics both in the training
and testing sets. Specifically, we constructed Receiv-
er Operating Characteristic (ROC) curves, precision-
recall (PR) curves, and confusion matrices. The ROC

curves provide insight into the model’s diagnostic ca-
pabilities and the PR curves offer a focused analysis
of the model’s performance in classifying positive

cases, particularly in imbalanced datasets. Confusion
matrices were used to provide a detailed breakdown
of the models’ classification results, highlighting the
number of true positives, true negatives, false posi-
tives, and false negatives. We further calculated a
comprehensive suite of quantitative metrics, including
accuracy, specificity, precision, sensitivity (recall),
negative predictive value (NPV), positive predictive
value (PPV), false positive rate (FPR), false negative
rate (FNR), false discovery rate (FDR), the F1 score,
and the Brier score. These metrics collectively eluci-
dated the models’ classification efficacy, with the F1

score serving to balance precision and recall and the
Brier score reflecting the probabilistic accuracy of
predictions. Moreover, we evaluated the area under
the ROC curve (AUC) and its 95% confidence inter-
vals as a measure of the models' overall ability to dis-
tinguish between positive and negative classes, com-
plemented by the average precision score (AP) to
quantify performance in scenarios characterized by
class imbalance.

2.3.2.4.Model Explanation

In the explanation section of the optimal model, we
calculated the Pl (permutation importance) values of
each feature in the model, constructed the SHAP
(SHapley Additive exPlanations) explanation model
using the “shap” package[39], and plotted ICE (Indi-
vidual Conditional Expectation) plot and PDP (Partial
Dependence Plot) to respectively demonstrate the
impact of a single feature and two features on the
target.
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the NHANES data
(2003-2020)

Data preprocessing
Miss value imputation by MissForest
Normalization

Dataset split
(75% training set;
25% testing set)

Training set processing

(Feature selection and model building)

Remove highly correlated variables

Eliminate low variance variables
RandomUnderSample

SelectKBest and Mutual Information filtering

model development (SVM, KNN, RF, XGBoost, GBDT)

Testing set processing
assess the performance of models

Comparin Is and selecting the best

ROC curves, PR curves, and confusion matrices
accuracy, specificity, precision, sensitivity (recall), NPV,
PPV, FPR, FNR, FDR, the F1 score, and the Brier score

Model explanation
Permutation Importance
SHAP

ICE

PDP

Figure 1 | Machine learning model development
flowchart.

This flowchart outlines the key steps in developing a machine
learning model from inception to interpretation.

3. Results

3.1. Baseline Characteristics

Among 6,879 participants, 388 were diagnosed
with heart failure, while 6,491 were classified as hav-
ing no heart failure. As illustrated in Table 1, a sub-
stantial proportion of the baseline characteristics ex-
hibited significant statistical differences between the
heart failure group and the group without heart fail-
ure. Compared to participants without heart failure,
those in the heart failure group exhibited a higher age

(69.74 + 8.39 versus 65.33 * 9.04; P<0.01), a
greater proportion of male participants (60.1% versus
49.6%; P<0.01), and an elevated BMI (32.92 + 16.51
versus 29.53 + 7.22; P<0.01). Besides, significant

statistical differences (P Value < 0.05) were observed
in the laboratory indicators of heavy metals, including
blood cadmium, blood lead, blood mercury, urinary
beryllium, urinary cadmium, urinary cesium, urinary
antimony, urinary thallium, urinary tungsten, urinary
uranium, urinary dimethylarsonic acid, urinary total
arsenic, and urinary iodine, between the two patrtici-
pant groups.
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Table 1 | Baseline characteristics of study participants
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Characteristics Total adults (N= 6879) Heart failure(N= 388) No heart failure(N= 6491) P value
Age, years, mean (SD) 65.58(9.06) 69.74(8.39) 65.33(9.04) <0.01
Gender, n (%) <0.01
Male 3454(50.2) 233(60.1) 3221(49.6)

Female 3425(49.8) 155(39.9) 3270(50.4)

BMI, kg/mA2, mean (SD) 29.72(8.07) 32.92(16.51) 29.53(7.22) <0.01
Weight status, n (%)

BMI <25 1727(25.1) 79(20.4) 1648(25.4) <0.01
BMI =25 & <30 2391(34.8) 108(27.8) 2283(35.2)

BMI =30 2761(40.1) 201(51.8) 2560(39.4)

Race, n (%) <0.01
Mexican American 812(11.8) 27(7) 785(12.1)

Hispanic 714(10.4) 31(8) 683(10.5)

Non-Hispanic White 2954(42.9) 196(50.5) 2758(42.5)

Non-Hispanic Black 1613(23.4) 109(28.1) 1504(23.2)

Other Race (Including Multi-Racial) 786(11.4) 25(6.4) 761(11.7)

Education, n (%) <0.01
Grades 0-12 1900(27.6) 118(30.4) 1782(27.5)

High school graduate/GED or equivalent 3485(50.7) 223(57.5) 3262(50.3)

College graduate or above 1494(21.7) 47(12.1) 1447(22.3)

PIR, mean (SE) 2.61(1.56) 2.02(1.31) 2.65(1.56) <0.01
PIR level, n (%) <0.01
Low (<1) 1112(16.2) 83(21.4) 1029(15.9)

Medium (=1 & <4) 4061(59) 257(66.2) 3804(58.6)

High (=4) 1706(24.8) 48(12.4) 1658(25.5)

Blood heavy metals, geometric mean (GSD)

Cadmium (ug/L) 0.40(0.76) 0.48(0.79) 0.40(0.76) <0.01
Lead (ug/dL) 1.47(0.62) 1.63(0.61) 1.46(0.62) 0.02
Mercury, total (ug/L) 0.95(1.01) 0.72(0.89) 0.96(1.02) <0.01
Urinary heavy metals, geometric mean (GSD)

Mercury (ug/L) 0.30(1.08) 0.25(1.05) 0.30(1.08) 0.05
Barium (ug/L) 0.96(1.03) 0.83(1.09) 0.97(1.02) 0.55
Beryllium (ug/L) 0.60(1.50) 0.55(1.41) 0.60(1.50) <0.01
Cadmium (ug/L) 0.32(0.98) 0.37(0.98) 0.31(0.98) <0.01
Cobalt (ug/L) 0.34(0.88) 0.43(0.91) 0.34(0.87) 0.15
Cesium (ug/L) 4.09(0.65) 3.63(0.60) 4.12(0.65) <0.01
Molybdenum (ug/L) 34.86(0.87) 36.14(0.79) 34.79(0.70) 0.83
Lead (ug/L) 0.48(0.89) 0.49(0.94) 0.48(0.89) 0.49
Platinum (ug/L) 0.40(2.47) 0.38(2.38) 0.40(2.48) 0.08
Antimony (ug/L) 0.05(0.98) 0.07(1.22) 0.05(0.97) <0.01
Thallium (ug/L) 0.15(0.81) 0.15(0.10) 0.15(0.80) <0.01
Tungsten (ug/L) 0.06(1.14) 0.09(1.26) 0.06(1.13) <0.01
Uranium (ug/L) 0.03(2.11) 0.04(2.31) 0.03(2.10) <0.01
Arsenous acid (ug/L) 0.30(1.12) 0.30(1.16) 0.30(1.12) 0.1
Arsenic acid (ug/L) 0.64(0.24) 0.66(0.31) 0.63(0.24) 0.23
Arsenobetaine (ug/L) 2.51(1.54) 2.50(1.47) 2.51(1.54) 0.14
Arsenocholine (ug/L) 0.18(0.91) 0.20(0.99) 0.18(0.90) 0.21
Dimethylarsonic acid (ug/L) 3.63(0.81) 3.23(0.71) 3.66(0.82) <0.01
Monomethylacrsonic acid (ug/L) 0.48(0.91) 0.50(0.89) 0.47(0.91) 0.86
Total arsenic (ug/L) 8.55(1.16) 7.80(1.06) 8.60(1.17) 0.03
lodine (ng/mL) 146.76(0.95) 183.23(1.28) 144.83(0.92) <0.01

All continuous demographic variables are presented as mean (standard deviation), while the categorical variables are presented as
frequency (percentage). Variables related to heavy metals are represented using geometric mean (geometric standard deviation).
Statistical comparisons between the heart failure and no heart failure groups were conducted using Student's t-test for continuous
variables and chi-square tests for categorical variables, with a significance level set at p < 0.05. BMI: Body Mass Index is calculated
as weight in kilograms divided by the square of height in meters; PIR: Poverty to Income Ratio is calculated based on household in-

come relative to the federal poverty line.

40



Yuting Yang et al.

B
B

o
®

o

5

°
>
°
>

°
=

True Positive Rate (Positive label: 1)
°
2

°
Y

°

~

True Positive Rate (Positive label: 1)
True Positive Rate (Positive label: 1)

——GBDT-traindata (AUC = 0.92) ——KNN-traindata (AUC = 0.74) —— RF-traindata (AUC = 0.84)

10 0.0 10 0.0 10

06 08 2 04 06 08 06 08
False Positive Rate (Positive label: 1) False Positive Rate (Positive label: 1) False Positive Rate (Positive label: 1)

1.0 10 1.0
o8 o8 o8
@ @ @

2 2 2
kS kS s
© 06 © 06 © 06
2 g H
& & &
o4 o4 o4
2 2 2
2 2 2
8 8 8
& & &
02 02 02
——GBDT-traindata (AP = 0.42) —— KNN-traindata (AP = 0.14) —— RF-traindata (AP = 0.33)
00 00 00

0.0 02 0.4 06 0.8 10 0.0 0.2 0.4 06 08 10 0.0 0.2 0.4 06 0.8 10

Recall (Positive label: 1) Recall (Positive label: 1) Recall (Positive label: 1)

Figure 21 ROC and PR curves of the five models in the training set

° ° -
> ® B

True Positive Rate (Positive label: 1)
o
=

Precision (Positive label: 1)
o
2

o
N

00 02

0.0 0.2

08
False Positive Rate (Positive label: 1)

k/\ 02
—— SVM-traindata (AP = 0.18)

[JCMP | Vol. 1 No.

True Positive Rate (Positive label: 1)

== SVM-traindata (AUC = 0.78)

06 10 00

Precision (Positive label: 1)

0.4 06 08 10 0.0

Recall (Positive label: 1)

2 (February 2025)

—— XGBoost-traindata (AUC = 0.84)

02 04 06 08 10
False Positive Rate (Positive label: 1)

= XGBoost-traindata (AP = 0.27)

0.2 04 0.6 0.8 10
Recall (Positive label: 1)

The figure depicts the ROC curves and PR curves for 5 predictive models: GBDT, KNN, RF, SVM, and XGBoost. Each model’s per-
formance is shown, demonstrating its ability to distinguish between the positive and negative classes (ROC) and the balance be-

tween precision and recall (PR).

Table 2 | Evaluation indicators for predictive models.

Model Dataset Accuracy Sensitivity ~ Specificity  Precision Recall NPV PPV FPR FNR FDR F1 score Brier score  AUC AUC_low AUC_up AP score
GBDT Training 0.78 0.93 0.77 0.20 0.93 0.99 0.20 023 0.07 0.80 0.33 018 0.92 091 093 042
GBDT Testing 0.75 071 0.75 0.14 0.71 0.98 0.14 0.25 0.29 0.86 0.23 0.19 0.81 0.77 0.85 017
KNN Training 0.76 0.56 0.77 013 0.56 0.97 0.13 0.23 0.44 087 0.21 021 0.74 0.71 0.76 0.14
KNN Testing 0.74 057 0.75 011 0.57 0.97 0.11 0.25 0.43 0.89 0.19 0.22 0.73 0.68 0.78 011
RF Training 0.68 0.85 0.67 0.14 0.85 0.99 0.14 033 0.15 0.86 0.24 0.20 0.84 0.82 0.86 033
RF Testing 0.67 0.70 0.67 0.10 0.70 0.98 0.10 033 0.30 0.90 0.18 021 0.77 0.73 0.82 0.14
SVM Training 0.80 0.62 0.81 0.16 0.62 097 0.16 0.19 0.38 0.84 0.26 021 0.78 0.76 0.81 0.18
SVM Testing 0.77 0.58 0.78 013 0.58 0.97 0.13 0.22 0.42 087 0.21 0.22 0.75 0.69 0.80 012
XGBoost Training 0.69 0.84 0.68 0.14 0.84 0.99 0.14 0.32 0.16 0.86 0.24 021 0.84 0.82 0.86 0.27
XGBoost Testing 0.68 065 0.68 0.10 0.65 097 0.10 032 035 0.90 017 021 075 0.70 0.80 015

NPV: Negative Predictive Value. FPR: False Positive Rate. FNR: False Negative Rate. FDR: False Discovery Rate. F1 score: The
harmonic mean of precision and recall, calculated as 2 * (Precision * Recall) / (Precision + Recall). AUC: Area Under the Curve. AP:

Average Precision.

3.2. Comparison of Machine Learning Models

Considering our dataset is imbalanced, perfor-
mance metrics that account for class distribution,
such as sensitivity (recall), precision, F1 score, and
AUC, become more crucial in determining which
model is the best, compared with other evaluating
indicators. Figure 2 illustrates the ROC curves and
PR curves for the five machine learning models for
the training set, presented separately. The AUC for
GBDT was 0.92 (95% CI: 0.91-0.93), indicating supe-
rior predictive performance in distinguishing heart
failure compared to the four other models. The RF
yielded an AUC of 0.84 (95% CI: 0.82-0.86), which
was similar to that of XGBoost, at 0.84 (95% CI: 0.82-
0.86), suggesting robust performance. In contrast, the
SVM achieved an AUC of 0.78 (95% CI: 0.76-0.81),
while the K-Nearest Neighbors (KNN) model had an
AUC of 0.74 (95% CI: 0.71-0.76), indicating a moder-

ate discrimination ability. Besides, GBDT stand out
with the highest average precision score, demonstrat-
ing superior capability in maintaining precision and
better diagnostic accuracy in heart failure compared
to other models. Table 2 presents specific evaluation
metrics for five machine learning models. GBDT
achieves a sensitivity of 0.93, indicating excellent true
positive identification. In contrast, KNN and SVM ex-
hibit considerably lower sensitivities of 0.56 and 0.61,
respectively, resulting in a greater likelihood of miss-
ing actual heart failure cases. Overall, GBDT demon-
strates distinct advantages over KNN, RF, SVM, and
XGBoost based on these performance metrics. lts
superior sensitivity (0.93), Average Precision Score
(APS) of 0.42, and accuracy of 0.78 position GBDT
as an exceptional choice for predictive modeling in
scenarios where both precision and recall are essen-
tial. The ROC curves and PR curves for the testing
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Figure 3A: SHAP heatmap. The y-axis displays different features arranged in descending order based on their maximum absolute
SHAP values, indicating their relative contributions to the prediction of heart failure outcomes. The x-axis represents individual obser-
vations from the dataset. Each cell in the heatmap is color-coded to reflect the SHAP values, with red indicating positive contributions
to heart failure risk and blue representing negative contributions. Figure 3B: SHAP beeswarm map. The features on the y-axis are
organized in the same order as those in the heatmap. The x-axis quantifies the SHAP values, reflecting the impact of each feature on
the model's predictions. Each point on the plot corresponds to a specific observation, with colors representing feature value levels;
red indicates higher levels while blue denotes lower levels. Figure 3C: SHAP decision map. lllustrates individual predictions in rela-
tion to the cumulative effects of features, showing how each feature contributes to the final decision. Blue indicates negative predic-

tions, while red indicates positive predictions.

set are presented in supplementary figure 2, and
supplementary figure 3 displays the corresponding
confusion matrices.

3.3. The Explainability of the Best Machine
Learning Model

3.3.1.SHAP Visualization Plot

Figure 3A presents a SHAP heatmap that offers a
comprehensive visualization of the contributions of
various features to the predictions made by GBDT
regarding heart failure risk. The model's output is
shown above the heatmap, centered around the ex-
pected SHAP values for all observations. Additionally,
the global importance of each input feature is depict-
ed as a bar plot on the right side of the heatmap. No-
tably, BMI, urinary iodine, age, and blood cadmium
emerge significant contributors to the model's predic-
tions. Figure 3B presents the SHAP beeswarm plot
for GBDT, illustrating the relationship between feature
values and the risk of heart failure. Features such as
urinary iodine, blood cadmium, urinary cobalt, body
mass index (BMI), and age occupy the top positions
and exhibit significant positive SHAP values, suggest-
ing a strong association with an increased risk of
heart failure. Urinary tungsten, urinary cadmium, and
urinary arsenic acid are positioned further down the
y-axis with lower SHAP value, indicating a minimal
positive contribution to the risk of heart failure. Inter-
estingly, lower levels of urinary beryllium, urinary
lead, urinary cesium, and urinary barium are associ-
ated with higher SHAP values, suggesting a potential
protective effect against heart failure. The SHAP de-

cision plot for GBDT is illustrated in Figure 3C. Each
line represents an individual participant, with the tra-
jectory of each line converging from the bottom and
extending toward the top indicating how the features
influence the model's output for specific instances.
Figure 4 depicts the SHAP interaction summary plot,
where the horizontal axis represents interaction val-
ues that quantify the attribution of paired interaction
effects between two features. Most variables demon-
strate varying degrees of interaction effects. Features
such as age, urinary beryllium, urinary tungsten, and
BMI exhibit significant interaction effects with other
variables, indicating the complex relationships that
influence heart failure risk.

3.3.2.Permutation Importance Analysis

The permutation importance analysis was con-
ducted to estimate the contribution of features to the
prediction of heart failure risk within GBDT by mea-
suring the decrease in the model’s performance when
the values of a feature were randomly shuffled (Fig-
ure 5). The results revealed that urinary beryllium and
blood cadmium exhibited the highest importance
scores of 0.147 and 0.084 among the heavy metal
variables, indicating their significant influence on pre-
dictive accuracy. Age and BMI were identified as im-
portant determinants, with scores of 0.123 and 0.108,
respectively.

3.3.3.ICE Plot and PDP Plot

The ICE plots (Figure 6), generated through partial
conditional expectation, illustrated that heart failure
risk increases with rising levels of age, BMI, and
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Figure 5 | Premutation importance analysis

The figure evaluates the contribution of individual features to the model’s pre-
dictive performance through permutation importance analysis. Figure 5A: Bar

plot of feature importance scores, ranking the features according to their sig-
nificance. Figure 5B: Table displaying the feature importance scores.

BMI Blood Cadmium

average

average

(o3
3 =
] _
[ i
[
53
£ 000 = _ .
5
T -025
o == = average
-0.50 (T T S N TR . 1 [T T T B B R} ] (R TTR R | [
-1 0 1 -1 0 1 0 1
Urinary Barium Urinary Beryllium Urinary Cadmium
3 0.50 == = average == = average == = average
e
[}
g 025 i
[ )]
g ,
s . —
£ -025
& -
—050 MERE B 1 % 1 ] [ AU B - [T TR T T T | ]
-02 00 0.2 04 -1 0 1 0 1
Urinary Cobalt Urinary Cesium Urinary Lead
3 0.50 == = average == = average == = average
e
o
2 025 =
153
g L
g 0.00 " -
s
T -025 . .
S ——
~050 - AERREE D 3 x RS R x ITTR - 1
-02 00 0.2 0.4 06 -1 0 1 -0.5 0.0 0.5 1.0
Urinary Tungsten Urinary Arsenic acid Urinary Dimethylarsonic acid
3 0.50 == = average == = average
g i
g 025
[
Q
§ oo | N _— A e
s
T -025
o == = average
-0.50 @ =EEEEE W@ (] ] ] ] [N TR R | ]
0.0 0.5 0.0 0.2 -05 00 05 10 15
Urinary lodine
o 050 == = average
T 025
3
Q
g o TR
= .
£ -025
o
-0.50 - MERRE R B ]
-0.1 0.0 0.1

Figure 6 | Individual conditional Expectation (ICE)
plots

This figure presents the ICE diagrams for each feature, enabling
the examination of the effect of a single variable on predictions
while eliminating the noise introduced by interactions with other
features. Each thin blue line in the plot represents an individual
observation, showcasing how the predicted response varies as
the feature value changes, and each orange dashed line repre-
sents the average level.
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Figure 7 | Two-Dimensional Partial Dependence Plot
(PDP)

This plot offers a comprehensive visualization of the interac-
tive influence of age and BMI on the predicted outcomes as-
sociated with the top three metals ranked by importance.
Lighter shades represent lower predicted outcomes, while
darker shades indicate higher predictions. The equipotential
lines illustrate levels of constant predicted outcomes across
the combinations of the two features, signifying that any point
along a given line produces the same average predicted re-
sponse from the model.

blood cadmium, highlighting their potential as critical
risk factors in assessments of heart failure. The rela-
tionship between urinary beryllium and heart failure
risk was characterized by an inverted U-shaped
curve, suggesting that risk is heightened within a
specific range of exposure. Other assessed features
displayed moderate effects, indicating their contribu-
tion to prediction but with less pronounced impacts.
Additionally, the two-dimensional PDP plot clarified
the joint predictive effects of the top three heavy
metal variables in the permutation importance analy-
sis, alongside age and gender, on heart failure risk
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(Figure 7). The color gradient ranges from deep blue,
indicating higher risk, to light green, reflecting lower
risk. Notably, blood cadmium interacted synergistical-
ly with age and gender, suggesting potential com-
bined effects on heart failure risk assessment.

4. Discussion

This study employed five machine learning models
to explore the complex relationship between heavy
metal exposure in blood and urine and the risk of
heart failure. Following a thorough evaluation of vari-
ous model performance metrics, the GBDT model
was chosen as the optimal predictive model due to its
superior accuracy and interpretability. To further ex-
plain the findings derived from GBDT, several ma-
chine learning interpretability techniques were ap-
plied, including SHAP (SHapley Additive exPlana-
tions), permuted Feature Importance, individual con-
ditional expectation (ICE), and partial dependence
plots (PDP). These methods enabled a comprehen-
sive assessment of the individual contributions of
each feature to heart failure risk, as well as interac-
tions between pairs of features, offering valuable in-
sights into the prediction on heart failure. Notably, the
interplay between different heavy metals and other
demographic factors, such as age and BMI, suggests
that risk assessments for heart failure must consider
these complex interactions. Understanding these re-
lationships not only furthers our knowledge of envi-
ronmental determinants of cardiovascular disease but
also emphasizes the need for continuous monitoring
and potential regulatory measures regarding heavy
metal exposure.

GBDT, the best prediction machine learning model
in our study, is an ensemble learning technique that
sequentially builds multiple decision trees, with each
tree trained to correct the errors of its predecessor.
The iterative approach allows GBDT to progressively
minimize the residual errors through a method known
as gradient descent[40, 41]. GBDT exhibits robust-
ness against overfitting and has superior predictive
accuracy compared to traditional models[41]. The ca-
pacity of GBDT to capture complex nonlinear rela-
tionships within the data is particularly pertinent in the
context of researches where the relationships be-
tween features and targets are intricate, such as our
study about the complex relationship between heavy
metals and the risk of heart failure. In this study, we
specifically focused on participants aged 50 years
and older within the NHANES database. This demo-
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graphic selection is particularly important given that
older adults not only experience higher morbidity
rates[42] but also significantly elevated mortality risks
associated with heart failure[43]. Our analysis pre-
dominantly centered on heavy metals detected in
blood and urine, underscoring our intent to investi-
gate the impact of these environmental exposures on
heart failure, intentionally setting aside other preva-
lent cardiovascular risk factors. And considering that
our primary goal was to develop a robust predictive
model capable of identifying at-risk individuals based
on their exposure to heavy metals, we prioritized pre-
dictive accuracy over population-level inferences and
chose not to apply sample weights in our analysis.
Moreover, the NHANES database provides a large
and diverse sample size conducive to model con-
struction, alleviating concerns regarding the need for
weighting and allowing us to derive meaningful in-
sights from the unweighted data while maintaining a
clear focus on predictive performance.

Our findings complement existing studies and, in
certain instances, corroborate prior researches.
Specifically, we found that blood cadmium is a posi-
tive predictor of heart failure, supporting previous
findings. Major sources of cadmium exposure in the
population include smoking and passive smoking[44,
45]. A case-cohort study reported that higher urinary
cadmium levels are associated with an increased
overall incidence of heart failure, with a hazard ratio
(HR) of 1.1 per interquartile range difference (95% CI:
1.0-1.2)[17]. Furthermore, blood cadmium has been
identified as an independent risk factor for heart fail-
ure, demonstrating an OR of 1.345 (p < 0.001)[46].
Similarly, an association study revealed a quantitative
correlation between cadmium levels and heart failure
risk, showing that a 50% increase in blood cadmium
corresponds to a 48% increase in heart failure risk
(OR: 1.48; 95% CI: 1.17-1.87), while a similar in-
crease in urinary cadmium is associated with a 12%
increase in risk (OR: 1.12; 95% CI: 1.03-1.20)[21].
The relationship between beryllium and lung cancer
has been extensively researched[47], but its effects
on cardiovascular health are less understood. Emerg-
ing studies suggest that beryllium exposure may in-
crease the risk of cardiovascular disease[48], with
significant associations observed in individuals with
close contact to the metal, who demonstrate a
heightened risk of ischemic heart disease
mortality[49]. Cobalt, often found in human joint re-
placement implants, has also garnered attention due
to its health implications[50]. Our research highlights
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that cobalt exposure is linked to an increased risk of
heart failure. A controlled trial indicated that patients
undergoing multiple hip replacement surgeries exhib-
ited significantly elevated myocardial cobalt levels,
with autopsy reports revealing a prevalence of dilated
heart chambers and decreased ejection fraction
among these individuals[51]. In addition, we found
that tungsten and arsenic also elevate the risk of
heart failure. While both heavy metals are prevalent
in the environment, research on their cardiovascular
effects remains limited. A cross-sectional study indi-
cated a positive correlation between urinary tungsten
and cardiovascular disease risk[52, 53], and arsenic
acid poisoning has been associated with significant
alterations in heart rate, QRS duration, and symp-
toms of prolonged QT and QTc intervals due to ar-
senic acid poisoning[54]. In our study, we explored
the combined effects of heavy metals, body mass in-
dex (BMI), and age on heart failure risk. Previous in-
vestigations have shown that heavy metals can sig-
nificantly increase abdominal circumference and obe-
sity rates, which may explain the observed synergistic
effects of BMI and metals such as cadmium[55-57].
Additionally, there is a documented correlation be-
tween age and the duration of heavy metal exposure
[58], and excessive accumulation of heavy metals in
the human body may increase the risk of PhenoAge
acceleration[59].

The value of our research lies in its multifaced ap-
proach, leveraging advanced computational tech-
niques to enhance the understanding of environmen-
tal risk factors associated with heart failure. By inte-
grating machine learning, we move beyond traditional
statistical methods, enabling the identification of
complex, nonlinear relationships. Furthermore, the
significance of our findings contributes to the growing
evidence linking heavy metals to adverse cardiovas-
cular outcomes, highlighting potentially modifiable
risk factors for clinical practice and public health
strategies.

5. Limitation

While our study offers valuable insights into the
relationship between heavy metal exposure and heart
failure, several limitations warrant consideration.
First, despite the GBDT model achieving an accuracy
of 0.78, a high sensitivity of 0.93, and a strong AUC
of 0.92, the model’s relatively low precision and FDR
indicate a need for refinement in its predictive capa-
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bilities. This suggests that the model may generate a
considerable number of false positives, which can
impact clinical decision-making. Second, while the
use of machine learning algorithms has improved
predictive accuracy compared to traditional methods,
their inherent complexity may limit interpretability,
which could impede acceptance in practical ap-
plications. Third, the cross-sectional design of the
study restricts our ability to infer causality. While the
observed associations are significant, they do not es-
tablish a direct cause-and-effect relationship between
heavy metal exposure and heart failure outcomes.

6. Conclusion

In this study, GBDT demonstrated superior per-
formance in modeling the relationship between heavy
metal exposure and heart failure. Our analysis re-
vealed that elevated concentrations of urinary iodine,
blood cadmium, urinary cobalt, urinary tungsten, and
urinary arsenic acid are significantly correlated with
an increased risk of heart failure, while urinary beryl-
lium appears to have a potentially detrimental effect.
Additionally, we uncovered a synergistic relationship
involving both age and BMI that amplifies the adverse
effects of heavy metal exposure on the risk of heart
failure. These findings highlight the critical need for
further research to explore the underlying mecha-
nisms and to inform targeted preventive measures
and clinical strategies aimed at mitigating the risks
associated with heavy metal exposure in vulnerable
populations.
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Supplementary Figure 1 | Correlation Heatmap of Features

This figure displays a correlation heatmap for each feature, with the numbers in each grid representing the Pear-
son correlation coefficients. Values close to +1 or -1 indicate strong positive or negative correlations, respectively,
while values near 0 suggest little to no correlation. Panel A shows the heatmap prior to the removal of highly corre-
lated variables, whereas Panel B presents the heatmap after these variables have been eliminated.
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Supplementary Figure 3 | Confusion matrix of the five models

Each cell in the matrix indicates the number of instances classified into each category.
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Low cardiac output syndrome is one of the common complications after
cardiac surgery, and is also the main cause of postoperative death. In this
paper, the risk factors, prediction models, diagnosis and treatment of low
cardiac output syndrome were reviewed in recent years, so as to provide
reference for early identification and appropriate management of low car-
diac output syndrome.

1. Background

Low cardiac output syndrome (LCOS) is a clinical
syndrome characterized by decreased cardiac output
and inadequate peripheral organ perfusion. It is one
of the most serious complications after cardiac
surgery, with an incidence rate of up to 10% and a
mortality rate that may exceed 20% [1-3]. Severe
LCOS leads to prolonged use of ventilators, in-
creased risk of acute kidney injury and pulmonary
infection, prolonged stay in intensive care units (ICU),
prolonged hospitalization, increased costs, and even
patient death, posing great challenges to clinical doc-
tors and imposing a heavy burden on society. There-
fore, studying the potential risks of LCOS, under-
standing its occurrence and development patterns,
and being able to identify and handle it in a timely
manner are of great significance for improving the
prognosis of patients after cardiac surgery.

2. Identification of LCOS

2.1. Potential Risk Factors for LCOS Occurrence

By analyzing literature, it was found that depend-
ing on the type of heart disease and surgical ap-
proach, the risk factors for LCOS vary and can be
divided into three categories: (1) Heart valve surgery:
Researchers have studied that the risk factors for
LCOS are low body weight, cardiothoracic ratio > 0.7,
preoperative renal insufficiency, pulmonary hyperten-
sion, preoperative left ventricular ejection fraction
(LVEF) < 40%, cardiopulmonary bypass (CPB) time >
140 minutes, and postoperative bleeding volume
[4-6]. (2) Coronary artery bypass grafting (CABG):
studies had shown a history of myocardial infarction,
preoperative arrhythmia, and heart function grade Il
to IV and LVEF < 45%, intraoperative CPB time > 100
minutes and blood loss > 800 ml are risk factors for
postoperative LCOS; a study in Brazil identified risk
factors for LCOS after CABG surgery: age > 60
years, emergency surgery, incomplete revasculariza-
tion, and LVEF < 50% [6-9]. (3) Complex congenital
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heart disease surgery: studies suggested that low
age, small body weight, long aortic occlusion time
and CPB time, increased postoperative CPB resis-
tance and preoperative pulmonary hypertension are
risk factors for postoperative LCOS; a Meta-analysis
study pointed out that the independent significant risk
factors of LCOS including age > 65 years, LVEF <
50%, CABG, emergency surgery or CPB and incom-
plete revascularization [6]. Diabetes mellitus and pre-
operative renal dysfunction are not independent pre-
dictors, but the combination of the two increases the
risk of LCOS by 50% [10-12].

To sum up, older patients with preoperative LVEF
< 50%, long operation time, more blood transfusion
and unsatisfactory anatomic correction have a high
incidence of postoperative LCOS, while children with
complex congenital heart disease who are small
months old and low weight have a much higher inci-
dence of postoperative LCOS than adult cardiac
surgery [6].

2.2. Related Research on Predicting the
Occurrence of LCOS

There are many risk factors for LCOS, but its pre-
diction model has not been uniformly recognized. At
present, EuroSCORE Il is widely used in the risk as-
sessment model of cardiac surgery, which can predict
the perioperative cardiovascular changes sensitively
[18, 14]. By analyzing the data of 41729 CABG pa-
tients in Chinese Cardiac Surgery Registry (CCSR)
database from 2013 to 2015, researchers established
a new risk prediction model using 21 risk factors to
predict, and verified it with the data of 15047 CABG
patients in CCSR database in 2016. It was found that
the new risk prediction model could more accurately
predict the in-hospital mortality after CABG in patients
in mainland China, which was helpful to identify high-
risk patients before surgery [15, 16]. However, this
model has not been widely used in clinic yet and
needs further research.

2.3. Diagnosis and Controversy of LCOS

The expert consensus of LCOS in 2018 defined
cardiac index < 2.0 L/min/m2 as low cardiac output
[17]. The results of questionnaire survey catch by
Shanghai Children's Medical Center showed that only
77% of the centers could monitor cardiac output and
41% could monitor microcirculation in China[18].
Therefore, for some centers with incomplete monitor-
ing equipment, the diagnosis of LCOS is difficult to
clarify and prone to missed diagnosis. At present,
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some cardiac centers have quantified the diagnosis
of LCOS and found slight differences in its criteria
through literature analysis. The diagnostic criteria of
Beijing Anzhen Hospital include: (1) LVEF < 40%; (2)
Cardiac index < 2.3 L/min/m2; (3) Persistent hy-
potension; (4) Oliguria (urine output < 1 ml/kg/h with-
out diuretics); (5) Lactic acid > 3.0 mol/L; (6) Central
venous oxygen saturation < 50%; (7) Vasoactive in-
otropic score > 15.5. When any one of (1) or (2), or
any three of (3) - (7) appears after surgery, it is diag-
nosed as postoperative LCOS [19]. Another study
refined the diagnostic criteria into 9 items, and pa-
tients who met two or more of items 1-8, or who de-
veloped item 9, were directly diagnosed with LCOS:
(1) Cardiac index < 2.5 L/min/m2; (2) Postoperative
echocardiography measured LVEF < 50%; (3) Sys-
tolic blood pressure < 90 mmHg, or mean arterial
pressure < 60mmHg, or continuous decrease in sys-
tolic blood pressure exceeding 20% of preoperative
baseline blood pressure for more than 2 hours; (4)
Central venous pressure > 13 mmHg, or pulmonary
capillary pressure > 15 mmHg, or central venous
oxygen saturation < 50%; (5) Postoperative
dopamine dosage > 10 ug/kg/min is required to main-
tain systolic blood pressure and cardiac output, and
the duration of medication should exceed 30 minutes;
(6) Lactic acid > 3.5 mmol/L or metabolic acidosis (pH
< 7.4, lactic acid > 3.0 mmol/L, base excess < -2
mmol/L); (7) Urine output < 0.5ml/kg/h when diuretics
are not used; (8) Insufficient peripheral perfusion,
coldness and cyanosis at the extremities; (9) The pa-
tient needs intra-aortic ballon pumps (IABP) due to
hemodynamic disorders [6]. The essence of LCOS is
a decrease in cardiac output leading to inadequate
tissue perfusion and an imbalance between cellular
oxygen supply and consumption. The different stages
of pathological and physiological changes in LCOS
patients, as well as the differences in intervention
methods, intervention intensity, and intervention ef-
fects received by patients, can lead to heterogeneity
in clinical manifestations and related monitoring indi-
cators. Therefore, people can fully understand that
different studies will propose different diagnostic crite-
ria for LCOS, and they can also understand why the
incidence of LCOS varies greatly among different
studies.

2.4. Monitoring Methods for the Development and
Changes of LCOS

At present, mature monitoring methods of LCOS
include: (1) Ultrasound technology: In recent years,
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echocardiography developed rapidly in the field of
cardiac surgery, including ultrasound-guided interven-
tional closure surgery in congenital heart disease
surgery and evaluation of valve function in valve
surgery. echocardiography has become the second
eye of surgeons. After cardiac surgery, echocardiog-
raphy can reveal the type of LCOS and evaluate ejec-
tion fraction, cardiac volume, systolic and diastolic
function, valve pathology, pulmonary circulation, ven-
tricular filling pressure, pericardial effusion, and fluid
reactivity [20]. As a portable and non-invasive exami-
nation method, echocardiography can provide target-
ed real-time assessment of the patient's condition in a
short period of time, guide the rapid treatment of
LCOS causes, provide intuitive and rapid evaluation
of treatment outcomes [21]. However, echocardiogra-
phy has a high degree of technical dependence on
the operator, subjective examination results, and
cannot provide continuous hemodynamic measure-
ments. (2) The pulmonary artery floating catheter
(PAC), also known as the Swan-Ganz balloon floating
catheter, can provide reliable hemodynamic parame-
ters that reflect changes in the patient's cardiac out-
put per unit of time. In addition, it can also provide
pulmonary artery pressure, right heart and pulmonary
artery capillary filling pressure, peripheral blood ves-
sel and pulmonary artery resistance [22, 23]. Howev-
er, placing PAC in the right heart is an invasive
surgery that may lead to cardiovascular complications
such as pneumothorax, pulmonary artery rupture, ar-
rhythmia, pericardial tamponade, infection, catheter
entanglement, thromboembolism, etc. Currently, it is
not widely used in clinic. (3) Pulse index continuous
cardiac output (PICCO) is a novel minimally invasive
hemodynamic monitoring technique that measures a
series of clinical monitoring indicators, such as CO,
stroke volume (SV), stroke volume variation (SVV),
global end diastolic volume (GEDV), intrathoracic
blood volume (ITBV), and indicators related to car-
diac preload or afterload, through a central vein and
arterial catheter using thermal dilution method. There-
fore, some clinical doctors use it as a substitute for
PAC [24]. The safety of PICCO operation is higher
than PAC. However, the measurement of data re-
quires calibration with low-temperature saline, which
can easily cause arrhythmia after cardiac surgery and
is limited in use. (4) The FloTrac/Vigileo system: With
only one arterial catheter, cardiac output can be con-
tinuously and timely calculated by collecting arterial
waveforms and combining them with the patient's ba-
sic information (age, gender, height, body mass, etc.)
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to analyze and calculate cardiac output, SV, SVV
easily, but the accuracy is low in patients with severe
arrhythmia or severe aortic valve insufficiency. Cur-
rently, large-scale clinical applications have not been
carried out.

3. Management Strategy of LCOS

3.1. Basic Principles of LCOS Management

The treatment for the etiology of LCOS includes
several aspects: (1) Actively correcting reversible fac-
tors that lead to low cardiac output, especially for
LCOS caused by surgical factors, it must be resolved
as soon as possible. (2) Optimize capacity status to
maintain optimal preload levels. (3) The application of
vasoactive drugs stabilizes heart rate and rhythm,
and ensures atrioventricular synchronization in
pacemaker dependent patients. (4) Mechanical circu-
lation assisted therapy is used when the drug treat-
ment effect is invalid [17].

3.2. Vasoactive Drugs

Goal-directed fluid therapy (GDFT) refers to the
therapeutic concept of using monitoring technology
for hemodynamic management, individualized fluid
replacement based on the patient's cardiac function,
load status, and fluid needs. Therefore, hemodynam-
ic management not only includes individualized vol-
ume management, but also means individualized
treatment with vasoactive drugs.

Vasoactive drugs mainly regulate the cardiovascu-
lar system by acting on adrenergic and non-adrener-
gic receptors, including positive inotropic drugs, va-
sopressors, and vasodilators. According to the differ-
ent stages of hemodynamic changes in LCOS, the
direct effects of drugs on myocardium and vascular
tension can be divided into four categories: (1) Car-
diac vasodilators: dobutamine, milrinone; (2) Simple
vasodilator: Sodium nitroprusside; (3) Cardioconstric-
tors: Norepinephrine, epinephrine, dopamine; (4)
Simple vasoconstrictors: epinephrine, vasopressin. In
addition, levosimendan is a novel calcium sensitizing
positive inotropic drug and an ATP sensitive potassi-
um channel opener that enhances myocardial con-
tractility, dilates peripheral and coronary vessels, im-
proves the hemodynamic effects of heart failure and
clinical symptoms of patients without increasing my-
ocardial oxygen consumption. It can effectively pre-
vent or treat LCOS after cardiac surgery. Researches
had shown that levosimendan can improve postoper-
ative cardiac output and tissue perfusion, reduce the
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occurrence of LCOS, then improve survival rate [25,
26]. European experts suggested that levosimendan
can effectively stabilize the hemodynamics of patients
undergoing cardiac surgery, thereby reducing the
need for positive inotropic drugs and mechanical cir-
culatory support [27]. The optimal time for preopera-
tive treatment of levosimendan is the day before
surgery, with a recommended dose of 0.1 pg/kg/min
and continuous infusion for 24 hours. The latest
meta-analysis showed that levosimendan can reduce
the mortality rate of preoperative LVEF patients, but
does not affect the overall mortality rate. The adverse
reactions of levosimendan include hypotension and
ventricular arrhythmia, which should be selected ac-
cording to the patient's condition [28].

The application of vasoactive drugs should be
based on clinical pathological and physiological sta-
tus as well as hemodynamic conditions, and appro-
priate drugs and doses should be selected to reduce
potential adverse reactions. According to a survey
questionnaire from Shanghai Children's Medical Cen-
ter, dopamine is the main medication used for pre-
ventive medication in each center [18]. The selection
of therapeutic drugs is basically the same for each
center: (1) Milrinone is used for LCOS with increased
systemic circulation resistance; (2) Dopamine and
adrenaline are used to reduce systemic circulation
resistance in LCOS; (3) LCOS with increased pul-
monary circulation resistance is treated with milri-
none, catecholamines, and pulmonary vasodilators
[18]. A systematic literature review studied positive
inotropic drugs after CPB and showed that dobuta-
mine and phosphodiesterase inhibitors are effective
drugs for treating LCOS [29]. Another meta-analysis
collected data from 2385 individuals and three ongo-
ing studies, showing uncertainty in the impact of va-
soactive drugs on LCOS all-cause mortality. There-
fore, the effectiveness of drug therapy is limited, and
mechanical circulation assisted therapy is an indis-
pensable means of treating LCOS.

3.3. Instrument Circulation Assistance

Optional extracorporeal life support includes I1ABP,
extracorporeal membrane oxygenation (ECMO), ven-
tricular assist devices (VADs), Impella pumps, and
etc. The most widely used currently are ECMO and
IABP [31].
3.3.1.ECMO

In the 1970s, ECMO was applied clinically as a
respiratory and cardiac function support technology,
but its application was limited in the early stages due
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to the high incidence of complications. With the con-
tinuous development of technology, complications are
gradually decreasing, and the application of ECMO is
becoming more and more common. Its applications in
the field of cardiac surgery include the treatment of
postoperative cardiogenic shock, severe donor organ
failure after heart transplantation, the installation of
VAD or transitional treatment for heart transplantation
in the end-stage of heart failure, and the prevention
and treatment of right heart failure after LVAD [32].
According to literature reports, the incidence of
ECMO use in patients after cardiac surgery ranges
from 0.4 to 3.7% [33]. Maxwell and colleagues evalu-
ated over 9000 ECMO patients from the National In-
patient Sample Database in the United States from
1998 to 2009, and found 4493 patients, approximate-
ly 50% of patients had postoperative cardiogenic
shock [34]. The basic working principle of ECMO is to
drain the patient's venous blood outside the body,
oxygenate it, and then return it to the patient's artery
or vein, replacing or partially replacing the patient's
heart and lung function. It can maintain the patient's
basic vital signs for a period of time to strive for the
opportunity for recovery and functional recovery of
heart and lung lesions, or provide transitional time for
the next step of transplantation. At present, most car-
diac surgeries in China use the venous-arterial (V-A)
mode for ECMO assisted circulation [35]. Existing
studies had shown that ECMO increases systemic
perfusion through countercurrent blood, reduces LV
preload, increases LV afterload, reduces stroke vol-
ume, increases myocardial oxygen demand, and re-
duces PAWP. A meta-analysis [36] showed that the
hemodynamic support provided by V-A ECMO has a
reasonable survival benefit with medium and long-
term results in the treatment of intractable cardio-
genic shock after cardiac surgery in adults. A re-
search showed that ECMO is an important support
method for the treatment of reversible cardiopul-
monary failure after cardiac surgery, the timing of
ECMO, the application of protective pulmonary venti-
lation, and the effective control and prevention of
bleeding are the key factors for the success of ECMO
treatment [37]. In addition, patients who established
ECMO within 24 hours after operation had a higher
survival rate than patients who established ECMO
after 24 hours after operation, and the incidence of
complications such as acute renal failure and is-
chemic hepatitis was lower [38, 39]. In conclusion,
the success rate of ECMO treatment is high. Ari-
yaratnam et al. classified the causes of cardiac dys-
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function after cardiac surgery into three categories:
(1) Reversible, caused by myocardial stunning, which
can be restored by short-term support of ECMO. (2)
Potentially reversible, mainly caused by localized
small focal acute myocardial infarction and acute
pulmonary edema, which may require long-term
ECMO support. (3) lIrreversible, caused by severe
heart failure, extensive myocardial infarction, and
chronic pulmonary hypertension, ECMO cannot play
a fundamental role in the treatment, and heart trans-
plantation should be considered [40]. This explains
the reason why ECMO, as the most powerful device
support at present, still has high mortality [41]. ECMO
is expensive and can lead to serious complications,
so its benefits and risks need to be weighed.

3.3.2.1ABP

Since the application of IABP in clinic in the 1960s,
more than one million patients have received therapy.
Since 1973, when IABP was first used in cardiac
surgery to assist CPB during operation, IABP has
been more and more widely used in cardiac surgery
[42]. IABP inflates the balloon in diastole and deflates
the balloon in systole, which plays an auxiliary role in
the heart. Compared with ECMO, it only has circula-
tion support function, but has no respiratory or circu-
latory replacement effect. However, because of its
simplicity, effectiveness and relatively low price, IABP
is widely used and plays an irreplaceable role in the
management of LCOS after cardiac surgery. In addi-
tion, the timing of intervention is still an important fac-
tor affecting the outcome of circulatory assistance. A
randomized controlled study pointed out that 1 hour
before operation, prophylactic implantation of IABP
can reduce the mortality and incidence of LCOS in
patients with high-risk CABG [43]. ECMO and IABP
cannot be replaced by each other. At present, it is
considered that the effect of their combined applica-
tion is good, but the timing is still controversial. Stud-
ies have shown that ECMO combined with IABP in
the treatment of high-risk coronary heart disease can
significantly improve the hemodynamic indexes of
patients, reduce the in-hospital mortality [44]. For pa-
tients with LCOS, there is no clear consensus on
whether IABP or ECMO should be implanted first,
which needs further research.

4. Summary and Prospects

In conclusion, the occurrence of LCOS after car-
diac surgery is inevitable, and effective treatment can
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reduce the mortality. Preoperative comprehensive
consideration should be given to various factors of
patients, screening high-risk patients with LCOS and
carrying out goal-directed therapy based on adequate
monitoring, which is conducive to the early identifica-
tion and appropriate treatment of LCOS.
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ABSTRACT

This article reported a case of heart failure with reduced ejection fraction
combined with Variant angina. The patient developed variant angina pec-
toris after taking the conventional Western medicines for heart failure with
reduced ejection fraction. On the basis of adjusting the relevant medica-
tions, Zhishi Xiebai Guizhi Decoction and Guo Weigqin's Yiqi Xiefei Decoc-
tion were added, after which the cardiac function was improved, the left

ventricular ejection fraction was increased, and the symptoms of chest
tightness and pain did not recur.

1. Introduction

Heart failure (HF) encompasses a series of clinical
syndromes such as dyspnea, fatigue, and fluid reten-
tion. Its main feature is systemic and/or pulmonary
circulation congestion accompanied by inadequate
perfusion of tissues and organs. Different cardiac
structural or functional abnormalities can induce
these symptoms by reducing the efficiency of the
heart's pumping function and its metabolic demands.
() This disease is a global epidemic. In 2017, the re-
sults of a study involving 50 million people aged 25
and above in six provinces in China showed that the
incidence rate of HF was 1.10% for both genders,
with a total of 12.1 million patients.® Heart failure
with reduced ejection fraction (HFrEF), as one of the
types, refers to that the left ventricular ejection frac-
tion (LVEF) is <40%, which is most commonly caused

by left ventricular dysfunction and clinically manifest-
ed as decreased cardiac output, myocardial hyper-
trophy, increased end-diastolic ventricular pressure
and so on. A survey in the UK showed that the preva-
lence of HF with HFrEF among hospitalized patients
with HF was 41%, and the mortality rate was as high
as 47%, imposing a heavy burden on society and
families.®

Variant angina (VA), also known as vasospastic
angina or Prinzmetal's angina, is a special type of
unstable angina. It mainly results from coronary
artery spasm. During an attack, it can cause transient
myocardial ischemia and trigger symptoms such as
chest pain and chest tightness. The degree of pain is
severe and the duration is variable. It often occurs
suddenly during rest or daily activities.® Clinically, the
incidence of VA also remains high. It has been re-
ported that the prevalence of this disease ranges
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from 33.4% to 57.6% in Western countries and from
40% to 79% in Asian countries.®

The traditional drug treatment for HF is the "new
quadruple" therapy, namely renin-angiotensin system
inhibitors, beta-blockers (BB) , mineralocorticoid re-
ceptor antagonists, and sodium-glucose cotrans-
porter 2 inhibitors. Recently, the Heart Failure Asso-
ciation of the European Society of Cardiology re-
leased a clinical consensus on the management of
heart failure exacerbation, pointing out that vericiguat
has the potential to reduce the risk of cardiovascular
death or hospitalization after exacerbation in patients
with HFrEF. It is recommended that symptomatic pa-
tients with a LVEF < 45% should add vericiguat on
the basis of the "HFrEF quadruple treatment" after a
heart failure exacerbation event.® It can be seen that
the current clinical drug treatment for HFrEF has
gradually shifted from the "new quadruple" therapy to
the "new five-combination" therapy. However, the clin-
ical use of these drugs may all lead to hypotension,
resulting in inadequate perfusion of tissues and or-
gans. For VA caused by transient coronary artery
stenosis due to coronary artery vasoconstriction and
resulting in insufficient blood perfusion, the decrease
in blood pressure leads to myocardial ischemia and
will further aggravate this spasm. Meanwhile, BB in-
hibit the vasodilatory effect of beta-receptors on
coronary arteries, which makes the excitation of al-
pha-receptors more significant, so that it is difficult to
relieve coronary artery spasm.

Therefore, for patients with HFrEF combined with
VA, when contradictions arise in Western medicine
treatment, turning to traditional Chinese medicine
(TCM) decoctions is a good strategy. Based on this,
this article reviews a valid medical record of a patient
with HFrEF combined with VA who was treated with a
clinical integrated traditional Chinese and Western
medicine regimen. The details are as follows.

2. Case Introduction

2.1. Chief Complaint

Mr. Wang, male, 53 years old, was admitted to the
hospital due to “intermittent chest tightness and
shortness of breath for 10 days”.

2.2. Present Medical History

On August 20, 2024, the patient experienced chest
tightness, shortness of breath, weakness and fainted
after drinking alcohol. He was conscious and visited
the emergency department of a certain hospital in
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Beijing. The troponin level was found to be 30 ng/ml
(normal range: 0 - 17.5). After receiving drug treat-
ment, the symptoms were relieved and the patient
refused hospitalization. Since then, the patient had
experienced chest tightness and shortness of breath
during daily activities, which could relieve sponta-
neously after about 30 minutes without taking any
medication for control. On August 30, the patient had
another episode of chest tightness and shortness of
breath, with a blood pressure of 170/125 mmHg. He
then came to our hospital for hospitalization.

2.3. Past Medical History

The patient had a 15-year history of hypertension,
with the highest blood pressure reaching 180/120
mmHg. He regularly took Yufeng Ningxin Capsules
orally but did not monitor his blood pressure regularly.
He denied a history of coronary heart disease, hyper-
lipidemia, diabetes mellitus, etc. He had undergone
resection of bladder cancer 21 years ago.

2.4. Personal and Family History

He had a 30-year smoking history and had not
quit, with an average of 20 - 30 cigarettes per day. He
had a 10-year drinking history and had not quit, with
an average of 3 liang per day. His mother had a histo-
ry of hypertension.

2.5. Traditional Chinese Medicine Four Diagnostic
Methods

The patient looked listless, was short of breath and
disinclined to speak. H His facial complexion and lip
color were dark purple. He had frequent urination with
light yellow color, and his stools were loose. He had
difficulty falling asleep. His tongue was pale, white
and tender, with a thick white greasy coating and
cracks in the middle. The sublingual collateral vessels
were dark-red without significant distension. The
pulse was wiry and slippery.

2.6. Physical Examination

Body temperature was 36 °C, heart rate was 92
beats per minute, respiration rate was 18 breaths per
minute, and blood pressure was 156/94 mmHg. The
breath sounds of both lungs were clear, and no obvi-
ous dry or wet rales were heard. The heart rhythm
was regular, and no pathological murmurs were
heard in each valve. The skin on the feet was
desquamating, and there was mild edema in both
lower limbs. No other obvious abnormalities were
found during the rest of the physical examination.
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Figure 3 | Coronary Angiography on Admission

2.7. Laboratory Tests

Blood Routine: white blood cell count was
7.56x10°/L, percentage of neutrophils was 84.2%, red
blood cell count was 4.84x10'?/L, hemoglobin was
149 g/L, platelet count was 184x10°L, and C-reactive
protein was 5.74 mg/L.

Blood Biochemistry: serum creatinine was 112
pmol/L, urea was 6.4 mmol/L, uric acid was 581
pmol/L, blood potassium was 3.52 mmol/L, blood
sodium was 134 mmol/L, blood calcium was 2.32
mmol/L. Blood Lipids: Total cholesterol was 4.49
mmol/L, triglyceride was 1.57 mmol/L, low-density
lipoprotein cholesterol was 3.14 mmol/L, and high-
density lipoprotein cholesterol was 1.12 mmol/L.

Myocardial Injury Markers: creatine kinase isoen-
zyme was 1.7 U/L, troponin | (cTnl) was 0.0221 ng/
mL; B-type natriuretic peptide (BNP) was 3214 pg/
mL.

2.8. Examinations

The electrocardiogram (ECG) showed sinus
rhythm, with a heart rate of 92 beats per minute and
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regular rhythm. The T waves in leads |, avL, V5, and
V6 were inverted (Figure 1).

The echocardiogram showed that the left atrial
end-diastolic diameter was 59 mm, the interventricu-
lar septum thickness was 10 mm, the left ventricular
posterior wall thickness was 10 mm, and the LVEF
was 32%. The average E/e’ was 24.5, suggesting en-
largement of the left heart and right atrium, generally
decreased ventricular wall motion, mild to moderate
mitral insufficiency, moderate tricuspid insufficiency,
mild pulmonary hypertension, and decreased left ven-
tricular function (Figure 2).

Coronary angiography revealed a 50% stenosis in
the middle segment of the left anterior descending
artery and a 70% stenosis at the opening of the left
circumflex artery OM1 (Figure 3).

2.9. Diagnosis

The admission diagnoses were as follows:

Western Medicine Diagnosis:

(1) Coronary atherosclerotic heart disease;

(2) Heart failure with reduced ejection fraction,
cardiac function grade Ill (NYHA classification);
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Figure 4 | Tongue manifestation during the onset of
variant angina

(3) Hypertension grade 3 (very high risk);

(4) After bladder surgery;

(5) Tinea pedis.

TCM Diagnosis: Chest pain and heartache, syn-
drome of qi deficiency, phlegm and blood stasis
blocking the collaterals.

2.10.Treatment Plan

In terms of Western medicine, for coronary athero-
sclerotic heart disease, considering the results of
coronary angiography, conservative drug treatment
was adopted. The patient was given isosorbide
mononitrate at a dose of 20 mg twice a day, enteric-
coated aspirin tablets at 100 mg once a day, clopido-
grel bisulfate at 75 mg once a day, and atorvastatin
calcium at 20 mg once a night. Since the patient's
LVEF was 32% and the diagnosis of HFrEF was
clear, the "new five-combination" regimen was gradu-
ally implemented. The specific drugs included sacubi-
tril/valsartan sodium tablets at 100 mg once a day,
metoprolol tartrate at 25 mg twice a day, dapagliflozin
at 10 mg once a day, spironolactone at 20 mg once a
day, furosemide at 20 mg once a day, and vericiguat
tablets at 2.5 mg once a day. Given that the patient's
basal heart rate still fluctuated around 90 beats per
minute after using metoprolol tartrate, extended-re-
lease metoprolol succinate tablets at 47.5 mg once a
day were added.

In terms of TCM, appropriate TCM techniques
such as acupoint application, auricular point pellet
pressing, and wax application therapy were used in
combination.
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Figure 5 | Electrocardiogram during the onset of
variant angina.

2.11.Disease Progression

On September 8th, the patient experienced severe
chest tightness and shortness of breath without obvi-
ous precipitating factors while at rest. There was also
intense stabbing pain under the xiphoid process,
which was aggravated after physical activity, accom-
panied by radiating pain in the shoulder and back,
palpitations, sweating, vomiting (the vomitus was
gastric contents), cold limbs, a dark red tongue, a
thick white greasy coating with a slightly yellowish
root (Figure 4), and a wiry and tight pulse. The blood
pressure was 90/60 mmHg. The N-terminal pro-B-
type natriuretic peptide (NT-proBNP) was 2273 pg/ml.
The blood potassium level was 4.46 mmol/L, the
blood sodium level was 136.1 mmol/L, the creatinine
level was 226 pmol/L, the alanine aminotransferase
level was 19.9 U/L, and the aspartate aminotrans-
ferase level was 14.8 U/L. The electrocardiogram
showed sinus rhythm, with a heart rate of 70 beats
per minute and regular rhythm. The ST segments in
leads V1 -5 were significantly elevated, and the inver-
sion of the T waves in leads |, avL, Vs, and Vs was
deepened (Figure 5).

We suspected that the patient had developed VA
and acute kidney injury. Promptly, 0.5 mg of nitro-
glycerin was administered sublingually. Meanwhile,
metoprolol tartrate, metoprolol succinate, sacubitril/
valsartan sodium, and spironolactone were discontin-
ued. In parallel, TCM decoctions were introduced into
the treatment regimen. Firstly, a modified version of
Zhishi Xiebai Guizhi Decoction (ZSXBGZ) was pre-
scribed to invigorate blood circulation, promote qi
flow, dredge yang and alleviate chest obstruction.
The specific medications and their dosages were as
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follows: stir-fried Fructus Aurantii Immaturus (15 g),
Allium macrostemon (20 g), Ramulus Cinnamomi (10
g), Magnolia officinalis processed with ginger (20 g),
Fructus Trichosanthis (15 g), Rhizoma Coptidis
tablets (9 g), Rhizoma Zingiberis (10 g), Poria (15 g),
Radix et Rhizoma Rhei (processed with wine and
added at the end) (6 g), Radix Salviae Miltiorrhizae
(30 g), Lignum Santali Albi (9 g), Fructus Amomi (10
g), Pheretima (10 g), Rhizoma Curcumae (processed
with vinegar) (20 g). Subsequently, the modified Guo
Weigin's Yigi Xiefei Decoction (YQXF) was given to
tonify gi and warm yang, activate blood circulation to
remove blood stasis, and drain the lung to promote
diuresis. The detailed drug prescriptions and dosages
were: Radix Codonopsis tablets (15 g), raw Radix As-
tragali (20 g), Cortex Mori (processed with honey) (12
g), Semen Lepidii (6 g), Herba Lycopi (6 g), Poria (15
g), Polyporus (15 g), Bambusa textilis McClure (6 g),
raw Semen Coicis (30 g), Pericarpium Citri Reticu-
latae (12 g), Pinellia ternata processed with ginger
(12 g), Fructus Jujubae (15 g), Radix Glycyrrhizae
Praeparata (6 g).

After one week of treatment, the reexamination
results were as follows: Blood pressure was 135/89
mmHg, NT-proBNP was 598.2 pg/ml, with blood
potassium at 4.14 mmol/L, blood sodium at 136.9
mmol/L, creatinine at 214 umol/L, alanine amino-
transferase at 18.8 U/L, and aspartate aminotrans-
ferase at 14.6 U/L. The electrocardiogram showed
sinus rhythm, a heart rate of 67 beats/minute and
regular rhythm, with ST segments in leads V1.5 having
fallen back and the depression of T waves in leads |,
avlL, Vs, and Vs alleviated, returning to the admission
level (Figure 6). The echocardiogram indicated that
the left ventricular end-diastolic diameter was 56 mm,
the interventricular septum thickness was 8 mm, the
left ventricular posterior wall thickness was 10 mm,
and the LVEF was 41%, suggesting left heart en-
largement, reduced motion amplitudes of the septum
and anterior wall, mild mitral and tricuspid regurgita-
tion, and decreased left ventricular function (Figure
7). The tongue was light purple with a less white and
greasy coating than before (Figure 8). After dis-
charge, the patient continued on YQXF. Two weeks
later, during follow-up, the patient reported no recur-
rence of chest tightness, pain, fatigue or shortness of
breath. Cardiac MRI results from another hospital
showed an LVEF of 40%, demonstrating the obvious
effectiveness of the TCM treatment.
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Figure 6 | Electrocardiogram after treatment with tra-
ditional Chinese medicine

MI 0.7
TIS 0.2

9/9/2024
4:57:21 PM

Figure 7 | Echocardiogram after treatment with tradi-
tional Chinese medicine

Figure 8 | Tongue manifestation after treatment with
traditional Chinese medicine
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3. Discussion

3.1. The Contradictions in Western Medicine
Treatment

On September 8th, the patient suddenly devel-
oped VA complicated by acute kidney injury. Consid-
ering the disease characteristics and the patient's
treatment regimen, it was speculated that the patient
had not developed tolerance to the "new five-combi-
nation" drugs, resulting in hypotension and insuffi-
cient body perfusion. The HARP-III trial in the UK
pointed out that compared with irbesartan, sacubitril/
valsartan sodium can reduce the mean systolic and
diastolic blood pressures by 5.4 mmHg and 2.1
mmHg respectively through dual inhibition of
neprilysin and the renin-angiotensin system.(”’ When
combined with BB, the hypotensive effect is even
more pronounced. Excessively low blood pressure
fails to maintain the body's blood circulation, leading
to myocardial ischemia and inducing VA. There is ev-
idence suggesting that BB without alpha-1-adrenergic
antagonist activity may be harmful to VA by exacer-
bating coronary epicardial vasospasm. This is due to
the antagonistic effect on beta-2-adrenergic recep-
tors, which leads to unopposed activation of alpha-1-
adrenergic receptors, thereby enhancing the vaso-
constrictive response to sympathetic stimulation.
Therefore, it is advisable to avoid their use in VA.®)

The crux of VA treatment lies in alleviating coro-
nary artery spasm. Calcium channel blockers (CCB)
are the commonly prescribed medications, which
function by impeding the entry of calcium ions into
vascular smooth muscle cells. This leads to the re-
laxation of vascular smooth muscle, subsequently
resulting in the dilation of coronary arteries, the relief
of spasms, and the augmentation of coronary blood
flow.® In the context of patients with HFrEF, the ap-
plication of CCB demands prudence. Certain CCB
variants can exert detrimental effects on cardiac func-
tion, particularly those possessing negative inotropic
properties. For instance, non-dihydropyridine CCBs,
while effectuating coronary artery dilation, concomi-
tantly suppress myocardial contractility, curtail cardiac
output, and exacerbate heart failure symptoms.(19)
Although dihydropyridine CCBs exhibit a relatively
milder inhibitory impact on myocardial contractility,
they may precipitate reflex tachycardia, augment my-
ocardial oxygen consumption, and potentially engen-
der adverse consequences for patients with HFrEF
as well.(11)
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One of the cornerstone drugs for the treatment of
HFrEF is BB. They can improve patients' survival
rates and quality of life by slowing down the heart
rate, reducing myocardial oxygen consumption and
improving myocardial remodeling.(19) For patients with
both HFrEF and VA, if BB are overused to control the
heart rate and improve heart failure, the frequency
and severity of angina attacks may increase. Howev-
er, reducing the use of beta-blockers to avoid induc-
ing coronary artery spasms will affect the treatment
effect of HFrEF and miss the opportunity to improve
cardiac remodeling and prognosis.

For patients with HFrEF, strengthening myocardial
contractility is an important aspect of improving car-
diac function. In some cases, positive inotropic drugs,
such as digitalis drugs (digoxin), will be used. Digoxin
can inhibit the Na*- K*- ATPase on the myocardial cell
membrane, increase the intracellular sodium ion con-
centration, and then promote the influx of calcium
ions, enhance myocardial contractility and increase
cardiac output.(12) In the treatment of VA, the focus is
on improving myocardial blood supply. Excessively
strengthening myocardial contractility may increase
myocardial oxygen consumption. Digoxin may in-
crease systemic vascular resistance due to its direct
arteriolar vasoconstrictive effect, which will reduce
coronary blood flow and exacerbate myocardial dam-
age.(13)

Given the contradictions in Western medicine
treatment for HFrEF combined with VA, TCM has
caught our attention due to its unique advantages of
holistic regulation and multi-target effects. Based on
syndrome differentiation and treatment, TCM starts
from aspects like invigorating qi, activating blood cir-
culation, and warming and dredging meridians. It can
improve myocardial blood supply, relieve coronary
artery spasm, regulate cardiac function, enhance the
body's healthy qi, and reduce the adverse reactions
of Western medicine, thus opening up a new way for
treating such complex cardiovascular diseases.

3.2. Traditional Chinese Medicine's
Understanding of the Disease

TCM's understanding of HF originated from the
"Huangdi Neijing", which states that "Those with heart
distension will have an irritable mood, shortness of
breath and be unable to sleep peacefully." It de-
scribed the clinical features of heart failure and de-
fined such symptoms as "heart distension". Mean-
while, it was pointed out that emotions, external path-
ogenic factors and so on could all affect cardiac func-
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tion. Zhang Zhongjing creatively put forward the term
"heart water" on the basis of his predecessors' work.
The main characteristics of patients with this condi-
tion were "a sense of heaviness in the body, short-
ness of breath and inability to lie down". The main
causes of the disease were deficiency of heart qi and
deficiency of heart yang, which led to the overflow of
water and dampness, as well as blood stasis. And he
left behind classic prescriptions such as Shenfu De-
coction, Zhigancao Decoction and Zhenwu Decoction
for later generations. The "Mai Jing" written by Wang
Shuhe first mentioned the disease name of "heart
failure" in traditional Chinese medicine literature and
discussed the characteristics of the pulse manifesta-
tions and treatment methods of HF. It said that "When
the heart fails, the pulse will be hidden; when the liver
gi is weak, the pulse will be deep. Therefore, the
pulse is hidden and deep." Later generations, based
on the experience of predecessors, summarized the
main pathogenesis of HF as deficiency of heart qi,
weakness of heart yang, deficiency of lung and
spleen qi, retention of phlegm-fluid inside the body,
and internal obstruction of blood stasis. And they also
put forward treatment methods such as tonifying qi
and nourishing the heart, warming yang and promot-
ing diuresis, activating blood circulation to remove
blood stasis, and resolving phlegm and expelling
dampness.

In the theory of TCM, VA falls into the categories of
"chest impediment", "true heart pain", and "syncope-
induced heart pain". Records about VA can be traced
back to the "Huangdi Neijing". For example, in the
"Jue Bing" chapter of the "Ling Shu", it is mentioned
that "For true heart pain, the hands and feet turn
bluish up to the joints, the heart pain is severe, and
those suffering from it may die in the evening if it oc-
curs in the morning, or die in the morning if it occurs
in the evening." The severity and critical prognosis of
true heart pain described here are similar to the se-
vere chest pain and the feeling of impending death
during a VA attack, initially revealing the critical situa-
tion of sudden severe pain in the heart and the disor-
der of qgi and blood. Later physicians continuously
deepened their understanding on this basis. The "Zhu
Bing Yuan Hou Lun" in the Sui and Tang Dynasties
mentioned that "For the symptoms of chest impedi-
ment, there is a feeling of fullness in the chest as if
stuffed, with a sense of blockage and discomfort, a
tickling sensation, a dry and rough feeling in the
throat, and spitting out dry froth." It vividly depicted
the symptoms of chest stuffiness and qi stagnation,
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which are similar to the feeling of chest tightness be-
fore a VA attack, laying a foundation for further explo-
ration of this disease. The main pathogenesis of VA is
internal obstruction by blood stasis, which is mostly
caused by the invasion of cold pathogens and emo-
tional disorders. The common treatment methods in-
clude expelling cold and unblocking yang, soothing
the liver and regulating qi, resolving phlegm and
draining turbidity, and activating blood circulation to
remove blood stasis.

3.3. Treatment Strategies in Traditional Chinese
Medicine
3.3.1.Syndrome Analysis in Traditional Chinese
Medicine
3.3.1.1.At the Time of Admission

The following is an analysis based on the symp-
toms of TCM when the patient was admitted to the
hospital.

Lethargy is one of the typical manifestations of qi
deficiency. Qi is the driving force for the vital activities
of the human body. When there is qi deficiency, the
functional activities of the body will be weakened and
it will be unable to maintain a normal mental state.
Shortness of breath and reluctance to talk reflect that
the patient lacks gi and is thus powerless. Speech
can only be carried out normally with the impetus of
gi. When there is qi deficiency, there will be insuffi-
cient strength for speaking. These two symptoms in-
dicate that the healthy qi in the human body is insuffi-
cient and the functions of gi in promoting, warming
and so on are weakened. The normal color of the
tongue should be light red. A pale tongue indicates
that gi and blood fail to nourish the tongue. And the
tenderness of the tongue body is due to qi deficiency,
as the tongue body cannot obtain sufficient nourish-
ment from qi.

The dark purple complexion and lip color serve as
significant external indicators of blood stasis. In cases
of blood stasis, gi and blood are unable to flow freely
to reach the face and lips. As a result, the stagnated
blood manifests as a dark purple hue. The sublingual
collaterals' dark red appearance implies the presence
of blood stasis within the body. Even though there
isn't prominent dilation, the dark red shade already
signals that the blood circulation is impeded and
shows a propensity for stagnation.

A thick, white and greasy tongue coating is a typi-
cal tongue manifestation of phlegm-dampness reten-
tion within the body. The pathogenic factors of
phlegm-dampness block the spleen, stomach or other
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zang-fu organs and meridians, causing the dysfunc-
tion of the spleen and stomach in transportation and
transformation, and impairing the metabolism of wa-
ter and dampness. As a result, the turbid gi ascends
and spreads onto the tongue. The presence of cracks
in the middle of the tongue coating is due to the
blockage of phlegm-dampness, which prevents qi,
blood, and body fluids from nourishing the tongue.
When phlegm-dampness impairs the spleen, the
normal function of the spleen in transportation and
transformation is disrupted, and the essence of food
and water cannot be properly digested and absorbed,
leading to loose stools. Phlegm-dampness also
blocks gi movement, giving rise to a wiry and slippery
pulse.

In the theory of TCM, the kidney and the bladder
are externally and internally related, and the kidney
yang plays a role in steaming and transforming.
When the kidney yang is insufficient, the qgi transfor-
mation function of the bladder becomes abnormal
and it fails to control urine properly, resulting in fre-
quent urination. The light yellow color of the urine in-
dicates that there is no obvious heat sign in the body.
Conditions such as gi and blood deficiency and inter-
nal blockage by phlegm-dampness can all affect the
mind and spirit, leading to sleep disorders.

To sum up, the syndrome of the patient at the time
of admission was deficiency of heart yang qi, blood
stasis, and internal blockage by phlegm-dampness.

3.3.1.2.During the Progression of the Disease
When alterations occur in the patient's condition,
the presence of severe chest distress, pectoral pain,
and frigid extremities indicates that yang deficiency
engenders cold, and cold congelation induces qi
stagnation. Yang deficiency serves as the fundamen-
tal basis of this syndrome. In the human body, yang
gi plays crucial roles in warming and propelling phys-
iological processes. When yang qgi becomes deficient
and debilitated, the warming capacity wanes, giving
rise to cold manifestations such as cold limbs. Insuffi-
cient heart yang fails to effectively impel the circula-
tion of gi and blood, leading to the endogenous gen-
eration of cold pathogen which then congeals in the
thoracic region. The thorax, being the abode of the
heart and lungs, experiences impeded qi and blood
flow when cold congeals and induces qi stagnation,
thereby resulting in chest distress. The intense pain
stems from the fact that the cold-congealing
pathogen obstructs the cardiac vessels, rendering the
gi and blood within them occluded. According to the
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principles of traditional Chinese medicine, "obstruc-
tion begets pain", and the pain caused by yang defi-
ciency and cold congelation is typically rather acute.
A thick, white, and greasy tongue coating with a faint-
ly yellowish radix intimates that phlegm turbidity ex-
hibits signs of transforming into heat due to stagna-
tion. Prolonged accumulation of phlegm turbidity with-
in the body obstructs gi movement, and when qi be-
comes stagnant, it is prone to transforming into heat.
Nevertheless, from an overall perspective, yang defi-
ciency and phlegm turbidity remain preponderant,
and the slightly yellowish radix represents merely a
localized manifestation of heat transformation.

The dusky red tongue and wiry-taut pulse mirror
yang deficiency and blood stasis. The tongue, re-
garded as the outgrowth of the heart, reflects the
stagnation of heart blood as a dusky red coloration on
its surface, which is the consequence of the com-
bined influence of feeble propulsion due to yang defi-
ciency and blockade by phlegm turbidity. The wiry-
taut pulse comprehensively reflects the pathological
state of yang deficiency and cold congelation, internal
occlusion by phlegm turbidity, and impeded flow of qi
and blood.

In summary, during the progression of the patient's
illness, the root lies in the deficiency of heart yang qi,
while the manifestations encompass blood stasis and
internal blockage by phlegm-dampness, accompa-
nied by a propensity for heat transformation, charac-
terizing a condition of root debility and branch excess.

3.3.2.Thoughts on the Selection of Prescriptions
The "Synopsis of the Golden Chamber" says,
"When taking the pulse, one should observe the ex-
cessive and insufficient aspects. When the yang
pulse is weak and the yin pulse is wiry, it indicates
chest impediment accompanied by pain.... The
ZSXBGZ should be used as the principal one." It is
pointed out that during the acute stage of the onset of
chest impediment and heart pain, the ZSXBGZ has a
rather good curative effect. Allium macrostemon,
Ramulus Cinnamomi and Rhizoma Zingiberis can
warm and unblock heart yang, dispel cold and relieve
pain. Among them, Allium macrostemon can unblock
yang and dissipate masses; Ramulus Cinnamomi can
assist yang in transforming qi and warm and unblock
the meridians; Rhizoma Zingiberis can warm the
middle jiao to dispel cold and restore yang to unblock
the vessels. The combination of these three can ef-
fectively relieve the symptoms of chest pain and cold
limbs caused by cold congealing. Lignum Santali Albi
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and Fructus Amomi can promote gi movement and
relieve pain, enhance the power of gi movement,
make gi movement smooth and relieve chest tight-
ness. Stir-fried Fructus Aurantii Immaturus and Mag-
nolia officinalis processed with ginger can regulate qi
and promote gi movement, improving the condition of
weak gi and blood circulation caused by qi deficiency.
Radix Salviae Miltiorrhizae, Pheretima and Rhizoma
Curcumae can activate blood circulation to remove
blood stasis. Meanwhile, Pheretima has a good effect
on dredging the meridians and activating collaterals
for the blockage of heart vessels. Fructus Trichosan-
this can clear heat, remove phlegm, relieve chest
stuffiness and dissipate masses. Poria can promote
diuresis and drain dampness as well as strengthen
the spleen. Rhizoma Coptidis tablets can clear heat
and dry dampness. The combination of these three
can further eliminate phlegm-dampness. Radix et
Rhizoma Rhei can purge the bowels to remove heat,
expel blood stasis and dredge the meridians.

After the symptoms are relieved, modified YQXF is
administered.

Radix Codonopsis tablets and raw Radix Astragali
can tonify gi and ascend yang. By replenishing
healthy qi, they can enhance the functional activities
of the body, improve the state of gi deficiency, and
boost the patient's vitality. Both of them have the ef-
fects of tonifying qi and warming yang, supplementing
yang qi, improving the state of yang deficiency, en-
abling yang qi to warm the limbs and relieve the cold-
ness of the limbs. Meanwhile, sufficient yang qi is
also beneficial to the recovery of heart function and
can alleviate angina pectoris. In addition, raw Radix
Astragali can promote diuresis and reduce swelling,
and it also has a certain improvement effect on the
possible slight stagnation of water and dampness.
Pericarpium Citri Reticulatae, Pinellia ternata pro-
cessed with ginger, and Bambusa textilis McClure
can dry dampness and resolve phlegm, regulate qi
and harmonize the middle jiao. By regulating the qi
movement of the spleen and stomach, they can pro-
mote the transportation and transformation of
phlegm-dampness.

Fructus Jujubae and Radix Glycyrrhizae Praepara-
ta can tonify the spleen and harmonize the stomach,
which helps to strengthen the function of the spleen
and stomach and fundamentally reduce the genera-
tion of phlegm-dampness. They also have the func-
tion of nourishing blood and tranquilizing the mind. By
tonifying gi and blood and nourishing the mind, they
can assist patients in improving sleep quality. Herba

64

IJCMP | Vol. 1 No. 2 (February 2025)

Lycopi can activate blood circulation to regulate men-
struation, remove blood stasis and dissipate carbun-
cles, improve blood circulation, eliminate potential
blood stasis in the body, prevent the further aggrava-
tion of blood stasis, and maintain the smooth flow of
gi and blood. Cortex Mori and Semen Lepidii can
purge the lung to relieve asthma, promote diuresis
and reduce swelling, relieve pulmonary blood stasis
and edema, improve respiratory function, and reduce
the afterload of the heart. Polyporus, Poria and raw
Semen Coicis enhance the power of promoting diure-
sis and excreting dampness, promote the metabolism
of body fluids, reduce the preload of the heart, and
thus relieve angina pectoris. This formula compre-
hensively regulates from multiple aspects such as
replenishing gi and warming yang, promoting blood
circulation and removing blood stasis, purging the
lung and promoting diuresis, resolving phlegm and
regulating qi, etc. It has an effect on improving the
overall pathological state of patients, including vari-
ous factors such as qi deficiency, yang deficiency,
blood stasis and phlegm turbidity. It can comprehen-
sively adjust the body function and relieve symptoms
during the attack of angina pectoris, and is also very
important in the subsequent consolidation treatment.

3.4. Summary and Prospects

The integrated treatment of traditional Chinese
and Western medicine in this case has achieved re-
markable results, accumulating valuable experience
for the diagnosis and treatment of similar diseases.
Precise syndrome differentiation and treatment is the
key. Based on the individual symptoms, tongue mani-
festations and pulse conditions of the patient, it is ac-
curately differentiated as the syndrome of qi deficien-
cy and blood stasis. Only by prescribing and using
medicine on this basis can we directly target the dis-
ease location and achieve individualized treatment.
The synergistic effect of Chinese and Western medi-
cines is significant. Western medicines control blood
pressure, dilate coronary arteries, promote diuresis
and resist remodeling, rapidly relieving symptoms
and stabilizing the condition; while Chinese medi-
cines tonify gi and activate blood circulation, unblock
yang and resolve phlegm, regulating the qgi and blood
of the zang-fu organs as a whole, reducing the occur-
rence of angina pectoris and improving heart func-
tion. The two complement each other and enhance
the curative effect.

The research prospects of the integrated treatment
of heart failure with reduced ejection fraction com-
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bined with variant angina pectoris are broad. At the
basic research level, modern scientific and technolog-
ical means should be used to deeply explore the
mechanism of action of Chinese herbal compound
prescriptions, clarify their molecular targets in regulat-
ing myocardial cell energy metabolism, inhibiting my-
ocardial fibrosis, improving vascular endothelial func-
tion and other aspects, providing theoretical support
for precise medication. At the same time, large-sam-
ple, multi-center, random-controlled trials urgently
need to be carried out to systematically compare the
long-term efficacy and safety of the integrated treat-
ment of Chinese and Western medicine with those of
single Western medicine and single Chinese medi-
cine treatments, optimize the combined medication
regimens, standardize the treatment procedures and
raise the level of clinical evidence.

4. Conclusions

The main diagnoses for the patient in this case
were HFrEF combined with VA. Although there are
quite a number of contradictions in the choice of med-
ications for these two diseases, remarkable curative
effects were achieved with the help of traditional Chi-
nese medicine decoctions. After treatment, the pa-
tient's blood pressure rose, the cardiac and renal
functions were improved, and there were improve-
ments in both symptoms, physical signs and imaging
manifestations. The quality of life was greatly en-
hanced. The author shares this successful case, hop-
ing to provide one more option for the clinical treat-
ment of such diseases.
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ABSTRACT

Prostate cancer (PCa), the most common male malignant tumor worldwide,
is associated with high morbidity and mortality, particularly when it pro-
gresses to metastatic disease. Ferroptosis, an iron-dependent form of cell
death, has been implicated in various cancers. This study investigated the
role of NADPH oxidase 4 (NOX4) in PCa and its potential connection to fer-
roptosis. By analyzing mRNA expression data from TCGA and GEO, NOX4
was found to be significantly upregulated in PCa tissues compared to non-
cancerous tissues (SMD = 0.75, 95% CI: 0.41-1.10) and exhibited a mod-
erate diagnostic accuracy (AUC = 0.79, 95% CI: 0.75-0.82). A total of 464
differentially co-expressed genes (DCEGs) were identified, including the
hub genes BUB1, CCNB1, and CCNB2. Furthermore, NOX4 expression
showed significant correlations with ferroptosis-related genes such as
ALOX15, UBC, FTH1, and SLC2A6. Functional enrichment analyses (GO
and KEGG) revealed that NOX4-associated DCEGs were enriched in
metabolic pathways, cell cycle regulation, mitotic nuclear division, chromatin
binding, and centromeric regions. These results suggest that NOX4 may
contribute to ferroptosis regulation in PCa through its involvement in meta-
bolic and cell cycle pathways, highlighting its potential as a therapeutic tar-
get.

1. Introduction

Prostate cancer (PCa) is the most common male
malignant tumor in worldwide. According to Cancer

less harmful to patients and the 15-year survival rate
could reach 94% [2l. Current guidelines recommend
surgery as the preferred treatment for PCa in early

Statistics, 2025, PCa accounted for 30% of all esti- Stages ¥l However, once the metastasis of tumor oc-

mated new cases in men, which means over 313,780
new PCa cases in this year ['l. PCa in early stages is

curred, the 5-year survival rate of patients suffered
PCa will reduce to 28% or less [4. In recent years,
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androgen-targeted therapy (ADT) was widely used in
metastatic PCa, but in the long-term follow-up
process, some studies found that the low level of
drug response and drug-induced apoptosis escape
were still the main defects of ADT [5.6l. Therefore,
finding new targets for molecular targeted therapy
and proving the potential molecular mechanisms and
signal pathways, then applying the new targets for
diagnostic and treatment of PCa is vital.

Ferroptosis is an iron-dependent apoptosis path-
way, which was considered to be related to neurode-
generation 7. As a newly found apoptotic pathway,
the groups of Galmiche and Louandre first reported
the interaction mechanisms between ferroptosis and
the anti-tumor drug sorafenib in hepatocellular carci-
noma [89]. To date, ferroptosis had been pointed out
related to the development of many cancers such as
gastric cancer, head and neck cancer and liver can-
cer [10-12], Moreover, some studies have indicated the
relationship between ferroptosis and the development
of PCa. Both Zhou and Tousignant reported that
downregulation of GPX4 promotes ferroptosis in PCa
cells, thereby inhibiting their proliferation and invasion
(13,141 When inducing PCa cells ferroptosis by drugs,
Ghoochani et al. observed that some genes were dif-
ferentially expressed in PCa cells with ferroptosis,
which indicated the process of ferroptosis in PCa
cells was probably related to differential expression of
genes [15. Nevertheless, existed researches had
never clarified the relationship between the expres-
sion of transcription profile and ferroptosis in PCa
cells and the research on the mechanisms of ferrop-
tosis was still at a low stage.

NADPH oxidase 4 (NOX4), located in 11q14.3,
acts not only in cellular energy metabolism but also
as an electron donor to catalyze the electron transfer
of molecular oxygen on the biofilm to produce reac-
tive oxygen species (ROS) ['6]. The growing evidence
shows that NOX4 could be considered as an onco-
gene of PCa. Sampson et al. reported downregulated
NOX4 was able to inhibit the activation of fibroblasts
in prostate and block the process of tumorigenicity
[17]. Wu et al. also indicated that low expressed NOX4
regulated by miRNA-137 influences glycolysis, cell
proliferation and apoptosis in PCa, and NOX4 might
be a potential target for PCa treatment [18l. Singh et
al. observed that arsenic-induced overexpression of
NOX4 promotes mitochondrial peroxidation in
prostate epithelial cells, and then induces PCa [19].
However, it was a pity that despite humerous studies

68

IJCMP | Vol. 1 No. 2 (February 2025)

on NOX4 in PCa, none had addressed the expres-
sion levels of NOX4 in PCa. In addition, the specific
roles and potential mechanisms of ferroptosis regu-
lated by NOX4 in PCa were still uncertain.

Thus, the present study aimed to explore the ex-
pression levels of NOX4 and potential mechanisms of
NOX4-regulated ferroptosis in PCa. By detecting the
MRNA expression levels of NOX4 and ferroptosis-re-
lated proteins in clinical samples and integrating with
data from public databases, we aimed to reveal the
relationship between the differentially expressed
NOX4 and ferroptosis. Moreover, we herein estimat-
ed the correlation between NOX4 and tumor infiltrat-
ing immune cells in different tumor microenviron-
ments based on Tumor Immune Estimation Resource
(TIMER). Gene ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Protein-protein
interaction (PPI) networks analysis were applied to
reveal signal pathways of NOX4 in ferroptosis
process.

2. Method

2.1. The Clinical Significance of NOX4 in Pan-
Cancer

2.1.1.The mRNA Expression Levels of NOX4 in
Pan-Cancer

Tumor immune estimation resource, version 2
(TIMER 2.0) is a database including RNA-seq and
and tumor immune invasion data. In the present
study, to explore the mRNA expression levels of
NOX4 in pan-cancer, the authors entered NOX4 into
TIMER 2.0. NOX4 expression data were observed for
a total of 33 cancer types in TCGA, and box plot and
independent sample t test were herein used to obtain
the expression differences.

2.1.2.Prognostic Value of Differentially Expressed
NOX4

Based on data from TCGA database, we extracted
disease-free survival time of 12,357 patients from 33
cancer types. Univariate survival analysis was ap-
plied, and harzard ratios were performed to estimate
the disease-free interval. By plotting the summary
forest plot, the effect of differentially expressed NOX4
on the prognosis of patients with DFI could be ob-
served directly.

2.2. The mRNA Expression Levels of NOX4 in PCa

2.2.1.MRNA Data Sources and Processing
Microarray and RNA-seq data for PCa were down-

loaded and screened from TCGA and Gene Expres-
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Table 11 The included databases with NOX4 expression.
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Number of samples

ID Country Platform Year
PCa Non-PCa
GSE26910 Italy GPL570 2011 6 6
GSE32448 USA GPL570 2011 40 40
GSE32982 Finland GPL570 2011 6 3
GSE38043 USA GPL570 2012 3 3
GSE46602 Denmark GPL570 2013 34 14
GSE69223 Germany GPL570 2015 15 15
GSE104749 China GPL570 2017 4 4
GSE27616 USA GPL4133 2011 9 4
GSE12378 UK GPL5175 2008 36 3
GSE72220 USA GPL5175 2015 57 90
GSE94767 UK GPL5175 2017 185 33
GSE28204 China GPL6480 2011 4 4
GSE35988 USA GPL6480 2012 76 12
GSE32571 Germany GPL6947 2011 59 39
GSE134073 Germany GPL11154 2020 56 8
GSE60329 Italy GPL14550 2014 108 28
GSE73397 China GPL20952 2015 3 3
GSE88808 USA GPL22571 2016 49 49
GSE134051 Germany GPL26898 2020 216 39
TCGA+GTEXx NA NA NA 499 152

NOX4: NADPH oxidase 4; PCa: prostate cancer; TCGA: The Cancer Genome Atlas; GTEx: The Genotype-Tissue

Expression.

sion Omnibus (GEO). A total of 22 datasets were col-
lected using “prostate cancer” as the search keyword
(Table 1). In order to make the results more objective,
data from GEO and TCGA was subjected to
log2(x+1) conversion. Subsequently, the authors re-
moved batch effects based on platforms, resulting in
the selection of 11 studies.

2.2.2.Diagnostic Value of NOX4 in PCa
We performed a diagnostic test to assess the clini-

cal significance of NOX4 in PCa. Based on expres-
sion levels of NOX4 in 11 studies, Stata 14.0 was
used to estimate standard mean difference (SMD). If
P < 0.05 or 12 > 50%, the study was considered to be
heterogeneous,and a random-effect model would be
applied. Otherwise a fixed-effects model was adopt-
ed. Receiver operating characteristic (ROC) curves of
above studies were drawn by using IBM SPSS Sta-
tistics v23.0. Additionally, to evaluate the diagnostic
potential of NOX4 comprehensively, a summary re-
ceiver operating characteristic (SROC) was plotted
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through using Stata 14.0. The area under the curve
(AUC) of sROC represents the diagnostic value of
NOX4.

2.3. Obtention of NOX4 Differentially Co-
Expressed Genes in PCa
2.3.1.ldentification of NOX4 Co-Expressed Genes
in PCa

Co-expressed genes (CEGs) were considered
genes that had close relationship with NOX4 and
were probably regulated by NOX4 in PCa. Gene ex-
pression from 11 studies was extracted. Through
evaluating Pearson’s coefficient, we assessed the
correlation between genes and NOX4. When Irl > 0.3
and P < 0.05, the gene would be considered one
CEG. CEGs appeared more than five times in all 11
studies would be selected for subsequent research.

2.3.2.ldentification of Differential Genes in PCa
After identifying CEGs of NOX4, we ran limma

package to screen the differentially expressed genes

(DEGs) of NOX4 in all GEO datasets, and we



Kunlin He et al.

IJCMP | Vol. 1 No. 2 (February 2025)

Table 2 | The means and standard deviations of NOX4 expression values for PCa and non-PCa based on 11

studies.
PCa Non-PCa
Study Sample type N y SD N y SD

GPL570 Tissue 110 2.853 1.052 85 2.654 1.085
GPL4133 Tissue 9 2.354 0.870 4 0.199 1.182
GPL5175 Tissue 278 4.077 0.639 126 4.098 0.496
GPL6480 Tissue 80 2.123 1.350 16 0.647 1.067
GPL6947 Tissue 59 7.228 0.590 39 6.493 0.272
GPL11154 Tissue 56 7.953 1.525 8 6.153 0.870
GPL14550 Tissue 108 -0.073 1.342 28 -0.048 0.489
GPL20952 Tissue 3 9.627 0.239 3 9.575 0.070
GPL22571 Tissue 49 6.591 0.726 49 5.772 0.546
GPL26898 Tissue 216 6.430 0.616 39 5.952 0.340
TCGA+GTEX Tissue 499 0.580 0.476 152 0.278 0.389

NOX4: NADPH oxidase 4; PCa: prostate cancer; N: number; M: mean; SD: standard deviation; TCGA: The Cancer

Genome Atlas; GTEx: The Genotype-Tissue Expression.

screened DEGs in TCGA data with limma voom
package. If the corrected P < 0.05 and log2FC > 1,
the gene would be considered potential DEG. DEGs
appeared more than five times in all 11 studies would
be selected as NOX4 DEGs. Lastly, genes met in
both two selection criteria would be identified as
NOX4 DCEGs in PCa.

2.4. Obtention of Ferroptosis-Related Genes
Regulated by NOX4 in PCa

FerrDB is a database focused on the research of
genes that affect ferroptosis. Before performing the
correlation analysis, we downloaded drivers, sup-
pressors and markers of ferroptosis from ferrDB, and
screened 219 genes using “Human only” as the
screening criteria. Next, we intersected the above
genes with NOX4 DCEGs, and ALOX15, UBC, FTH1
and SLC2A6 were identified as genes regulated by
NOX4 in PCa. Correlation analysis was adopted to
further explore the relationship between the expres-
sion levels of these genes.

2.5. Functional Enrichment Analysis of NOX4
DCEGs

In order to further explore the molecular mecha-
nisms and potential functions of differentially ex-
pressed NOX4 regulated ferroptosis in PCa, we en-
tered NOX4 DCEGs into Database for Annotation,
Visualization, and Integrated Discovery (DAVID) v6.8.
We herein chose GO and KEGG enrichment analysis
to identify the molecular mechanisms and potential
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functions of differentially expressed NOX4 regulated
ferroptosis in PCa. GO terms and KEGG signaling
pathways with P < 0.05 were identified. Moreover,
PPI networks was constructed through Search Tool
for the Retrieval of Interacting Genes (STRING) and
Cytoscape v3.6.1. Hub genes of NOX4 DCEGs were
identified based on the degree of nodes.

2.6. Immune-Related Analysis

We herein assessed the abundance of immune
infiltrates in PCa tumor and paired paracancerous
tissue through the correlation modules of TIMER 2.0.
Besides, significantly correlated immune genes of
NOX4 were also been assessed in Gene Expression
Profiling Interactive Analysis (GEPIA). TISIDB inte-
grates multiple heterogeneous datasets, which are
able to predict interaction between tumor and im-
mune system. In the present study, we observed the
immune infiltration of NOX4 in a variety of tumors
through TISIDB and showed the correlation between
NOX4 and immune cells on scatter plots.

3. Results
3.1. The Clinical Significance of NOX4 in Pan-
Cancer

The mRNA expression levels of NOX4 were ana-
lyzed in various cancer types based on TCGA. The
results indicated that NOX4 was differentially ex-
pressed in many malignant tumors (Figure 1A).
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OS: overall survival. DFS: disease-free survival

Among these, NOX4 was upregulated in breast can- Stomach adenocarcinoma and thyroid carcinoma.
cer, cholangiocarcinoma, colon adenocarcinoma, Conversely, NOX4 was downregulated in cervical
esophageal carcinoma, glioblastoma multiforme, cancer, kidney cancer. Additionally, disease-free in-
head and neck squamous cell carcinoma, hepatocel- terval of patients with differentially expressed NOX4
lular carcinoma, lung cancer, pheochromocytoma, was shown on Figure 1B.

paraganglioma, PCa, rectum adenocarcinoma,

71



Kunlin He et al.

3.2. The mRNA Expression Levels and Diagnostic
Value of NOX4 in PCa

In order to explore the mRNA expression of NOX4
in PCa, we extracted NOX4 expression data from 22
datasets from 11 platforms, including the TCGA and
GEO database. The scatter plots comparing NOX4
expression between PCa and non-PCa tissues were
shown in Figure 2. We used a random-effects model
to calculate the standardized mean difference (SMD)
for the included datasets, yielding significant hetero-
geneity (12 = 88.3%, P < 0.001) and an SMD of 0.75
(95% CI: 0.41-1.10), which indicated that NOX4 was
overexpressed in PCa (Figure 3A). However, no sig-
nificant heterogeneity was detected (Figure 3B). Fun-
nel plots revealed no publication bias (Figure 3C-E).
Moreover, sROC showed that the AUC of NOX4 val-
ue was 0.79 (95%ClI: 0.75-0.82), suggesting moder-
ate sensitivity and specificity for PCa diagnosis (Fig-
ure 4). The overall survival (OS) and disease-free
survival (DFS) were displayed on Figure 1C to D. To
further investigate the clinical significance of differen-
tially expressed NOX4 in PCa patients with different
clinical parameters, independent sample t test was
applied to estimate the NOX4 expression levels, and
scope of the test included ages, TNM stages, recur-
rences and gleason scores of patients (Figure 1E-K).
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datasets from 11 platforms.

PCa: prostate cancer. TCGA: The Cancer Genome Atlas.
GTEx: The Genotype-Tissue Expression project.
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Figure5 | Correlation analysis showed that the expression of NOX4 had a considerable correla-
tion with ferroptosis-related genes.

The pure number in bold represents Pearson correlation coefficient, and one or more “*”
icant difference. (A-D) GPL570, GPL4133, GPL5175, GPL6480. (E-H) GPL6947, GPL11154, GPL14550,
GPL20952. (I-K) GPL22571, GPL26898, TCGA+GTEX.
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Figure6 | Enrichment analysis
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(A) PPI network analysis of NOX4 DCEGs. (B) BUB1, CCNB1, CCNB2 were identified as hub
genes of NOX4. (C) Enrichment terms of NOX4 DCEGs in biological process. (D) Enrichment terms
of NOX4 DCEGs in cellular component. (E) Enrichment terms of NOX4 DCEGs in molecular func-
tion. (F) Enrichment terms of NOX4 DCEGs in Kyoto Encyclopedia of Genes and Genomes.

3.3. Correlation Between NOX4 and Ferroptosis-
Related Genes

We herein extracted mRNA expression data from
11 studies, and Pearson’s coefficient analysis re-
vealed that 945 CEGs were closely related to NOX4,
including 685 positive related genes and 260 nega-
tive related genes. Differential expression analysis
exhibited that 2663 DEGs were identified in PCa. A
total of 464 genes were finally identified as NOX4
DCEGs in PCa. These 464 genes were used to inter-
sect with genes from ferrDB, vyielding 4 ferroptosis-
related genes: ALOX15, UBC, FTH1 and SLC2A6,
which were used for subsequent analysis. The corre-
lation analysis was applied to assess the correlation
between NOX4 and above 4 ferroptosis-related
genes. The results showed that NOX4 had a consid-
erable correlation with ferroptosis-related genes, indi-
cating that NOX4 was probably related to ferroptosis
(Figure 5).
3.4. Functional Enrichment Analysis of NOX4

DCEGs

To explore the molecular mechanisms and signal
pathways, we used PPI network analysis to reveal

74

DCEGs. The PPI result was shown in Figure 6A.
Next, we calculated the connection degrees of nodes
and identified BUB1, CCNB1, and CCNB2 as hub
genes of NOX4 (Figure 6B). Based on GO analysis,
NOX4 DCEGs were significantly enriched in mitotic
nuclear division, chromosome, centromeric region
and chromatin binding (Figure 6C-E). According to
KEGG analysis, the metabolic pathways were the
most significantly enriched pathways among NOX4
DCEGs (Figure 6F).

3.5. Imnmune-Related Analysis

To investigate the relationship between NOX4 and
immune infiltrating cells, we explored the correlations
between NOX4 and immune marker sets of a variety
of immune cells in PCa from TIMER 2.0 and GEPIA
databases. The immune cells analyzed included dif-
ferent functional T cells, B cells, monocytes, TAMs,
M1 and M2 macrophages, neutrophils, NK cells and
DCs. We also adjusted the results for purity and
found that NOX4 expression was significantly corre-
lated with most of immune marker sets (Table 3). Ad-
ditionally, we herein entered NOX4 into TISIDB and
found that the expression levels of NOX4 were signif-
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Figure7 | (A,B,C) Associations of the NOX4 expression levels with lymphocytes, im-
munomodulators and chemokines in PCa. (D,E,F) Correlation analysis between the NOX4
expression levels and immunosuppressant. (G,H,J) The analysis results showed that NOX4
was related to immunoactivators. (J,K,L) Associations of the NOX4 expression levels with

MHC molecules.

icantly correlated with lymphocytes, immunosuppres-
sant, immunoactivators and MHC molecules in vari-
ous cancer types. In this study, we displayed heat
maps and scatter plots on Figure 7.

4. Discussion

NOX4 had been reported that correlated with fer-
roptosis of tumor cells in glioma and renal cell carci-
noma [20.21], The relationship between overexpressed
NOX4 and the process of tumor cells development in
PCa had also been covered ['8l. However, there had
no research indicated that the correlation between
NOX4 and ferroptosis in PCa. The present study
through analyzing the expression levels of NOX4 of
PCa and paired paracancerous tissue samples from
clinical collection and public databases, considered
that upregulated NOX4 inhibit the development of
PCa by regulating ferroptosis. Moreover, we per-
formed an enrichment analysis to NOX4 DCEGs and
considered metabolism pathway was probably a po-
tential signal pathway for NOX4 to regulate ferropto-
sis. Immune infiltration analysis showed the expres-
sion levels of NOX4 was significantly related to vari-
ous immune cells.

15

In previous studies, some scholars had mentioned
the NOX4 expression levels in PCa. Low expression
NOX4 was observed by Kim et al. in PCa cells treat-
ed with chalcone, and downregulated NOX4 inhibited
the growth of tumor cells via ire1a-rid-miRNA-23b
axis [22], Harrison et al. also considered that NOX4
was overexpressed in PCa and had a positive corre-
lation with metastasis [23. Interestingly, Wu’ s group
collected and analyzed the expression data of NOX4
from 65 clinical PCa samples. The results showed
that downregulated NOX4 could increase the rate of
apoptosis, which suggested that expressed NOX4
was a risk factor of PCa ['8l. Through analyzing 20
paired epithelial tumor samples, Meitzler et al. report-
ed that the overexpression frequency of NOX4 in
PCa was only 36.8% [24]. To date, the expression lev-
els of NOX4 in PCa had not been determined and the
shortcomings of the existed research were also obvi-
ous, such as small sample sizes (n < 65) and most of
them were single center studies. The present study
collected and analyzed samples from clinical collec-
tion and public databases and reported the expres-
sion of NOX4 was upregulated in PCa for the first
time based on a large sample size (n = 2014). Never-
theless, though we have obtained a larger sample
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Table 3 | Correlation analysis between NOX4 markers of immune cells in PCa based on TIMER and GEPIA.-1

G k None Purity Tumour Normal
ene marker Cor P Cor P Cor P Cor P
CD19 0.141 i 0.108 * 0.14 ** 0.39 i
CD20(KRT20) 0.192 b 0.167 o 0.057 0.21 0.093 0.51
CD38 -0.302 o -0.352 b -0.21 o -0.21 0.13
CD8A 0.184 e 0.18 i 0.15 e 0.2 0.15
CD8B 0.126 > 0.131 > 0.26 e 0.2 0.16
BCL6 0.084 0.0635 0.05 0.308 0.017 0.71 0.18 0.19
ICOS 0.311 b 0.288 o 0.18 o 0.27 0.057
CXCR5 0.24 b 0.208 o 0.18 o 0.077 0.59
T-bet (TBX21) 0.284 b 0.278 e 0.23 i 0.29 *
STAT4 0.29 e 0.278 i 0.27 e 0.26 *
IL12RB2 0.233 b 0.247 i 0.17 e 0.073 0.61
WSX1(IL27RA) 0.254 e 0.243 e 0.24 i 0.25 0.078
STATA 0.209 b 0.208 o 0.11 * 0.27 0.052
IFN-y (IFNG) 0.215 b 0.167 o 0.14 ** 0.24 0.089
TNF-a (TNF) 0.179 o 0.174 b 0.063 0.16 0.1 0.46
GATA3 0.095 * 0.047 0.344 -0.019 0.67 -0.22 0.12
CCRS3 0.287 e 0.293 i 0.15 ** 0.17 0.22
STAT6 -0.014 0.754 -0.023 0.638 -0.055 0.22 -0.019 0.89
STAT5A 0.221 b 0.213 o 0.2 o 0.11 0.44
TGFBR2 0.314 b 0.303 o 0.25 o 0.16 0.25
IRF4 0.315 o 0.308 b 0.092 * 0.37 **
PU.1(SPI1) 0.501 o 0.509 i 0.45 b 0.38 **
STAT3 0.176 i 0.165 i 0.057 0.21 0.27 0.053
IL-17A 0.027 0.543 0.005 0.927 -0.0022 0.96 0.06 0.67
CCR10 0.224 b 1.236 o 0.054 0.23 0.2 0.16
AHR 0.337 i 0.348 o 0.12 il 0.15 0.29
FOXP3 0.312 o 0.3 b 0.3 o 0.27 0.052
CD25(IL2RA) 0.499 o 0.485 i 0.4 b 0.48 e
CCR8 0.364 i 0.348 i 0.29 b 0.45 o
PD-1 (PDCD1) 0.236 e 0.243 e 0.26 i 0.42 b
CTLA4 0.357 b 0.352 o 0.48 o 0.37 i
LAG3 0.121 ** 0.088 0.0736 0.11 * -0.097 0.49
TIM-3 (HAVCR2) 0.57 o 0.572 b 0.53 o 0.34 *
CDe68 0.524 o 0.514 i 0.38 b 0.37 **
CD11b (ITGAM) 0.448 i 0.454 i 0.34 b 0.35 **
INOS (NOS2) 0.044 0.324 0.001 0.981 -0.058 0.2 0.031 0.83
IRF5 0.526 b 0.525 o 0.36 o -0.18 0.2
COX2(PTGS2) 0.061 0.178 0.043 0.385 -0.012 0.79 -0.13 0.38
ARG1 0.143 > 0.148 > 0.066 0.15 0.44 >
MRCH1 0.428 e 0.44 i 0.29 e 0.29 *
MS4A4A 0.521 e 0.524 i 0.46 e 0.34 *
CCL2 0.264 e 0.247 e 0.054 0.23 0.23 0.096
CD80 0.444 b 0.417 o 0.42 o 0.24 0.091
CD86 0.553 b 0.571 b 0.43 o 0.35 *
CCR5 0.353 o 0.36 b 0.27 o 0.34 *
CD14 0.411 e 0.409 i 0.33 e 0.21 0.13
CD16(FCGR3B) 0.088 0.0489 0.082 0.0968 0.1 * 0.22 0.12
CD115 (CSF1R) 0.488 e 0.505 e 0.39 o 0.29 *
CD66b (CEACAMS) 0.001 0.978 -0.008 0.867 0.035 0.44 -0.04 0.78
CD15(FUT4) 0.043 0.338 0.023 0.639 0.037 0.41 -0.067 0.64
CD11b (ITGAM) 0.448 o 0.454 b 0.34 o 0.35 **
XCLA 0.144 > 0.128 > 0.16 e 0.17 0.23
CD7 0.187 e 0.194 i 0.19 e 0.35 *
KIR3DL1 0.112 * 0.104 0.0343 0.15 o -0.071 0.91
CD1C(BDCA-1) 0.279 b 0.278 b 0.25 o 0.39 b
CD141(THBD) 0.239 b 0.228 o 0.14 ** 0.026 0.86
CD11c (ITGAX) 0.513 e 0.501 b 0.39 b 0.35 *

size, long-term follow-up investigation and deeper to be drawn.
research were essential if reliable conclusions were
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In the process of discussing the prognosis of PCa
patients, clinical parameters play a significant role.
Based on TCGA database, we extracted the clinical
parameters of PCa patients, including age, TNM
stages, recurrence and gleason scores, and analyzed
NOX4 expression levels in patients with different clin-
ical parameters. The results were indicative of differ-
entially expressed NOX4 existed in patients with di-
verse clinical parameters. NOX4 was expressed
higher in patients with older ages, higher TNM
stages, recurrence and higher gleason scores. To our
knowledge, it was the first time to report NOX4 mRNA
was differentially expressed in tissues of patients with
diverse clinical parameters.

As a member of NADPH oxidases family, NOX4
mainly generates the ROS in astrocytes [25]. In the
process of searching for literature, the authors found
that NOX4 had been reported to be correlated with
ferroptosis. Park et al. indicated the lipid peroxidation
mediated by NOX4 in Alzheimer's disease was harm-
ful to mitochondrion and promoted the accumulation
of iron in astrocytes, resulting in the occurrence of
ferroptosis [26l. Through knocking out NOX4 gene,
Chen et al. observed that left ventricular remodeling
occurred in rats and the incidence of ferroptosis in
cardiomyocytes was reduced [27l. Yang et al. consid-
ered NOX4 was a hub gene of ROS-producing en-
zyme in renal cell carcinoma and the overexpressed
NOX4 was a necessary condition of ferroptosis [21],
To date, the relationship between NOX4 and PCa
cells ferroptosis had never been clarified. Based on
the above results and the current researching gap,
we decided to explore the correlation between the
expression levels of NOX4 and ferroptosis-related
proteins. We herein screened 4 ferroptosis-related
genes and performed a correlation analysis with
NOX4. The obtained results suggested that NOX4
had a moderate correlation with ferroptosis-related
proteins in 20 studies from 11 platforms, which indi-
cated NOX4 was probably related with ferroptosis in
PCa.

To further explore the potential molecular mecha-
nisms and signal pathways of ferroptosis regulated by
NOX4 in PCa, herein we entered NOX4 DCEGs into
STRING and constructed a PPI network. According to
the PPI network analysis, we screened 3 hub genes,
including BUB1, CCNB1 and CCNB2. Among the 3
selected hub genes, CCNB1 had been reported to be
correlated with ferroptosis. In the process of treating
T-cell lymphoma with artesunate (ART), Ishikawa et
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al. found ART induced tumor cell peroxidation by acti-
vating CCNB1, thereby causing cell cycle arrest and
iron accumulation and inhibiting the proliferation of
tumor cells [28]. Though the mentioned research did
not directly indicate the relationship between NOX4
and CCNB1, according to the pathway of tumor cell
cycle arrested by CCNB1, we could infer that NOX4
caused lipid peroxidation, which was one of the fac-
tors leading to ferroptosis of tumor cells. However,
this was the only study of NOX4 hub genes in ferrop-
tosis, and the potential mechanisms of the above 3
genes and NOX4 in ferroptosis remained to be further
explored in vivo and in vitro experiments.

As stated above, NOX4 and its hub genes were
reported correlated with ferroptosis in other cancer
types, we also found the expression of NOX4 was
related to ferroptosis-related proteins. So how does
differentially expressed NOX4 induce ferroptosis in
PCa? We tried to applied enrichment analysis to
DCEGs of NOX4, and the KEGG results showed that
NOX4 DCEGs were significantly enriched in me-
tabolism pathway. We searched the literature imme-
diately based on this results. But unfortunately, there
was no report about NOX4 regulating ferroptosis in
PCa through metabolism pathway. Nevertheless, we
found some serviceable information. In a cell experi-
ment managed by Yi et al. , LnCap cells exhibited dif-
ferent levels of lipid metabolism and incidence of fer-
roptosis with different phospholipid content, they con-
sidered the changes in phospholipid metabolism may
be an important pathway of ferroptosis in PCa [29],
Another article indicated that the activation of PI3K-
AKT-mTOR pathway was able to influence the lipid
metabolism in PCa cells, thereby inhibiting the occur-
rence of ferroptosis [39]. Tousignant et al. reported that
the increase of lipid content in PCa cells could lead to
the increase of membrane fluidity and lipid peroxida-
tion, resulting in ferroptosis ['4l. Considering these
findings, the authors believed that DCEGs of NOX4
regulated the process of PCa ferroptosis by partici-
pating in metabolism pathway.

However, this study had some limitations. First,
significant heterogeneity was observed in the present
research. Due to the lack of sample size and clinical
information, we could not find out the source of het-
erogeneity yet. Therefore, a random-effect model was
applied. A larger clinical cohort should be used to val-
idate our results in the future. Second, all PCa sam-
ples were extracted from tissues. The value of NOX4
in PCa ferroptosis should be verified in body fluids of
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PCa patients. Lastly, the function of NOX4 in PCa
needs to be further explored in vivo and in vitro.

5. Conclusion

In summary, based on results from clinical sam-
ples and mRNA microarray and sequencing data from
public databases, we herein concluded that NOX4
was downregulated in PCa and indicated the expres-
sion levels of NOX4 were correlated with ferroptosis-
related proteins. Differentially expressed NOX4 might
regulate the development of ferroptosis by participat-
ing in metabolism pathway, which needs to be veri-
fied in vivo and in vitro.
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Supplementary material 2 Datasets collection flowchart

653 datasets screened in TCGA,
ArrayExpress, SRA, GEO, Oncomine

609 notes were excluded based on

44 datasets considered for further
evaluation

title and summary

20 datasets met the eligibility criteria for
CELSR3 expression in PCa and non-PCa

24 notes without adequate data
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