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SUMMARY  Over three years have passed since the COVID-19 pandemic started. The dangerousness and impact
of COVID-19 should definitely not be ignored or underestimated. Other than the symptoms of acute
infection, the long-term symptoms associated with SARS-CoV-2 infection, which are referred to here
as "sequelae of long COVID (LC)", are also a conspicuous global public health concern. Although
such sequelae were well-documented, the understanding of and insights regarding LC-related sequelae
remain inadequate due to the limitations of previous studies (the follow-up, methodological flaws,
heterogeneity among studies, etc.). Notably, robust evidence regarding diagnosis and treatment of
certain LC sequelae remain insufficient and has been a stumbling block to better management of these
patients. This awkward situation motivated us to conduct this review. Here, we comprehensively
reviewed the updated information, particularly focusing on clinical issues. We attempt to provide the
latest information regarding LC-related sequelae by systematically reviewing the involvement of main
organ systems. We also propose paths for future exploration based on available knowledge and the
authors' clinical experience. We believe that these take-home messages will be helpful to gain insights
into LC and ultimately benefit clinical practice in treating LC-related sequelae.

Keywords COVID-19, SARS-CoV-2, sequelae, long COVID, follow-up

1. Introduction

Over three years have passed since the COVID-19
pandemic started. At present, Omicron and its subvariants
are the predominant variants, but they are less likely to
cause severe illness. However, the dangerousness and
impact of COVID-19 should definitely not be ignored
or underestimated (/). Other than the symptoms of
acute infection, the long-term symptoms associated with
SARS-CoV-2 infection are also a conspicuous global
public health concern. The term "long COVID (LC)"

is used to describe the post-acute sequelae of SARS-
CoV-2 infection. According to estimates, there are
approximately 65 million people globally suffering from
LC (2). Huang et al. conducted a one-year follow-up
of 1,276 COVID-19 survivors and found that although
88% of patients recovered and returned to work at 12
months, their health status remained poorer than that
of controls not infected with SARS-CoV-2 (3). In an
online survey of patients with COVID-19, Davis et al.
found that the most common symptoms during follow-
up (7 months) were fatigue, post-exertional malaise, and
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cognitive dysfunction. Eighty-five-point-nine percent of
participants experienced relapses triggered by exercise,
physical or mental activity, and stress; of those, 86.7%
had fatigue at the time of survey (vs. 44.7% in recovered
patients). Forty-five-point-two percent of participants
reduced their working time, and 22.3% did not work
during the survey due to illness. Cognitive impairments
and memory loss were common across all age groups
(4). Recently, Hedin e al. conducted a prospective study
of adult outpatients with COVID-19. They found that
of 270 outpatients, 52% developed LC and 32% had
post-COVID-syndrome. Fatigue was the most common
symptom during follow-up. Sports and household
activities markedly affect lingering symptoms. LC and
post-COVID-syndrome are also not rare in outpatients.
Thirty-two percent of patients took over 12 weeks
to return to their usual health (5). Lopez-Leon et al.
performed a meta-analysis of 15 studies investigating LC
sequelae in 47,910 patients with SARS-CoV-2 infection,
and they identified 55 LC sequelae. Approximately
80% of patients with COVID-19 developed one or more
LC sequelae. The top 5 symptoms were fatigue (58%),
headaches (44%), attention disorder (27%), hair loss
(25%), and dyspnea (24%) (6). Recently, Davis et al.
reviewed that the incidence of LC is approximately 50-
70% in hospitalized patients, 10-30% in non-hospitalized
patients, and 10-12% in vaccinated patients (7). The
clinical characteristics of LC include: /) Multisystemic
involvement: COVID-19 was originally regarded as a
respiratory disease, but evidence indicates that SARS-
CoV-2 infection may cause multisystemic abnormalities.
Thus far, over 200 LC-related symptoms have been
documented, in which multiple organs and whole-
body systems are involved, including the respiratory
system, circulatory system, central nervous system
(CNS), digestive system, urinary system, and the
reproductive system, along with the immune system
and the vascular system (7). ii) Complicated and
multifaceted mechanisms: The mainstream view is
that the tissue damage throughout the body is mainly
due to COVID-19-related abnormal immune response
and inflammation rather than direct viral infection of
the tissues and subsequent cytopathic effects (7,8).
Moreover, damage to the immune system and blood
vessel system may influence the other organs and
systems and then cause secondary damage throughout
the body (9). The complicated interaction among organs
results in multifaceted and intricate pathophysiological
mechanisms of LC. A patient seems to "recover" from
SARS-CoV-2 infection, but the subsequent clinical
manifestations of LC might be diverse and particular.
Disorders in all systems might develop, such as
cardiovascular disease in the circulatory system (/0),
diabetes (//), and cognitive impairment and myalgic
encephalomyelitis/chronic fatigue syndrome (ME/
CFES) in the CNS (/2,13). Noticeably, such illnesses
seldom "resolve" with "recovery" from acute infection.

They might persist for several years (/4), of those, the
problems of ME/CFS even potentially be lifelong (/5).
iii) Nonspecific and uncertain: Many reported LC-related
symptoms are also common in the general public (/6).
These so-called nonspecific "LC-related symptoms",
such as ME/CFS and cardiovascular disorders, can also
develop and deteriorate in people with or without SARS-
CoV-2 infection. In some cases, identifying whether a
certain symptom is indeed attributed to COVID-19 or
to a certain variant in patients with recurrent infection is
quite difficult. In addition, most of the available evidence
is derived from studies in hospitalized patients whereas
information on a large amount of non-hospitalized
patients remains unknown. The nature of selection bias
might increase the uncertainty of LC-related symptoms.
In this regard, knowledge of and insights concerning LC,
particularly for the diagnosis and treatment of LC, are
quite limited so far.

Currently, many reviews have discussed LC from
different angles. Davis et al. provided a panoramic
overview regarding LC-related key findings,
mechanisms, symptoms, LC in children, and the role
of vaccination on the basis of the latest literature
available. They pointed out that the diagnostic and
therapeutic options for LC remain insufficient. This
situation might be improved by conducting clinical trials
addressing leading hypotheses, enhancing LC-related
studies by avoiding potential biases, designing viral-
onset studies, efc. (7). Rabaan et al. summarized the
effects of SARS-CoV-2 infection on multiple organs
and systems. They attempted to elucidate the wide range
of atypical COVID-19-related symptoms to improve
clinical practice (/7). Oronsky et al. reviewed persistent
LC-related symptoms (syndromes) along with their
underlying mechanisms. They raised awareness and alarm
regarding the persistent post-COVID syndrome from the
view of dysfunction of the immune system (/8). Yong et
al. systematically reviewed six LC-related inflammatory
and serum biomarkers. They found that levels of
C-reactive protein, D-dimer, lactate dehydrogenase, and
leukocytes were greater in patients with LC. According
to sensitivity analyses, levels of lymphocytes and
interleukin-6 remained significantly elevated in patients
with LC (/9). Nalbandian ef al. summarized the available
information on epidemiological and clinical trends and
predominant clinical manifestations of a post-COVID-19
condition. They suggested that standardization of the
case definition and research methods would improve LC-
related studies (20). Ma et al. systematically reviewed
long-term sequelae in individuals with an asymptomatic
SARS-CoV-2 infection. They found that patients with
an asymptomatic SARS-CoV-2 infection may have
long-term symptoms, such as loss of taste or smell,
fatigue, coughing, and that the risk of those symptoms
was significantly lower than that of symptomatic
individuals (27). Zanini et al. contended that vascular
pathologies after SARS-CoV-2 infection should be
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seriously considered and treated since they were
observed in patients with LC and because they markedly
affected endothelial dysfunction, worsened pre-existing
atherosclerotic plaques, and caused thrombo-embolic
arterial or venous complications (9). In addition, there
are numerous reviews focusing on endocrine disorders
(22), the respiratory system (23), the cardiovascular
system (24), anxiety and depression (25), cognitive
fatigue (26), etc. These informative studies enriched
the understanding and knowledge of and the insights
regarding LC. However, studies particularly focusing on
clinical issues are limited.

Accordingly, the current work has reviewed clinical
issues based on the latest available literature (Table 1,
onlin data: http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=140) as well as the
authors' clinical experience. Clinical practice regarding
LC in the major organ systems will be discussed. This
work will increase the knowledge of and insights into LC
and ultimately benefit clinical practice.

2. The respiratory system

Initially, COVID-19 was identified as a respiratory
disease, so the respiratory sequelae therefore received
a great deal of attention and emphasis. The most
commonly reported persistent respiratory symptoms
(illnesses) include a chronic cough, shortness of breath,
dyspnea, chest pain, decreased ability to exercise,
acute respiratory diseases, fibrosis and lung disease,
bronchiectasis, and pulmonary vascular disease (BOX
1). These conditions commonly develop three months
after diagnosis and persist at least two months. Some
may even persist over one year. Studies have reported
that persistent abnormalities in lung function, such as
a reduction in diffusion capacity, commonly develop
in patients with initial severe lung involvement and
pneumonia (27-29). The most common sequelae were
reduced diffusion capacity, restrictive ventilatory
defects (28), and persistent abnormalities on computed
tomography (CT) imaging (30). Huang et al. reported
that approximately 22% of patients with reduced
diffusion (out of 1,733 patients) scored 3 on a severity
scale (do not need supplemental oxygen), 29% scored
4 (requiring supplemental oxygen), and 56% scored
5-6 (requiring a high-flow nasal cannula or ventilation)
(28). CT imaging is the most commonly used diagnostic
tool for COVID-19. Roughly two types of abnormal CT
findings might be observed in patients with COVID-19,
namely pneumonia-related changes (inflammatory
changes) and changes in COVID-19-related pulmonary
fibrosis (CRPF, fibrotic changes). Fabbri et al. performed
a meta-analysis to investigate persistent respiratory LC-
related symptoms using CT scans and a pulmonary
function test (PFT). They found that during a median
3-month follow-up, 50% of patients had inflammatory
changes, whereas 29% of patients had fibrotic changes.

The duration of follow-up was significantly associated
with inflammatory changes and not significantly
associated with fibrotic changes. Impaired gas exchange
was more prevalent than restrictive impairment (38%
vs. 17%) (31). Another meta-analysis also reported LC-
related sequelae using CT scans and the PFT, and it
found that the most common abnormality on the PFT was
reduced diffusion capacity during the 6- and 12-month
follow-up. The prevalence of restrictive impairment
was lower at the 12-month follow-up (vs. 6-month). The
pooled prevalence of persistent ground-glass opacities
(GGO) was 34%, and that of pulmonary fibrosis was
32%. The prevalence did not decrease over the follow-
up (32). Besutti et al. investigated CT abnormalities
in surviving patients with severe COVID-19. They
found that 55.6% of patients were normal and 37.5% of
patients had non-fibrotic changes. Only 4.4% of patients
had fibrotic abnormalities. The most common fibrotic
abnormalities were subpleural reticulation (15/18),
traction bronchiectasis (16/18), and GGO (14/18). After
a 12-month follow-up, residual changes improved over
time. They concluded that pneumonia might be the most
common CT finding in patients after severe COVID-19
(33). Wu et al. conducted a 12-month follow-up in
patients with severe COVID-19 who did not require
mechanical ventilation. They found that their lung
function improved over the follow-up. Accordingly, the
prevalence of abnormal CT imaging decreased from
78% (three months) to 24% (12 months). Only 5%
of patients reported dyspnea and 20% had persistent
CT changes at 12 months during the follow-up (34).
The aforementioned evidence indicated that a certain
proportion of COVID patients will develop persistent
diminishment of lung function and/or abnormal CT
findings. The most common abnormality in CT imaging
is pneumonia-related changes, which improve over
follow-up. Only a minority of patients will develop
fibrotic changes and dyspnea, indicating a poor clinical
outcome. The risk factors for developing CRPF still
require further identification and verification.

Box 1: Commonly reported persistent respiratory
symptoms

i) Airway disease: COVID-19 related airway
disease and obstructive lung diseases have been
documented, and interstitial lung disease has garnered
a great deal of attention. Air trapping may persist
as long as 200 days after the initial SARS-CoV-2
infection in some patients. Cho et al. observed 100
patients with post-acute sequelae of COVID-19
infected over 30 days using a quantitative chest CT
(35). They found that 13.2% of patients in hospital and
28.7% of patients in the ICU had GGO, rates which
were significantly higher than that in ambulatory
patients (3.7%). The total lung affected by air trapping
was 25.4%, 34.6%, and 27.3% in the ambulatory,
hospitalized, and ICU patients, respectively, but 7.2%
in healthy controls.
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ii) Pulmonary vascular disease: COVID-19
related coagulation dysfunction is well documented.
The incidence of thromboembolism is reported to
range from 20-70% (36-39). Attention should be paid
to chronic thromboembolism or micro-occlusions
triggered by inflammatory responses in patients with
LC. COVID-19 related pulmonary hypertension
was seldom reported, so it might be underestimated.
Tudoran et al. indicated that the prevalence of
pulmonary hypertension and right ventricular
dysfunction in patients with mild to moderate
COVID-19 was 7.69 and 10.28%, respectively, two
months after hospitalization (40).

iii) Persistent cough: Chronic cough is reported
in 7-10% of patients with LC, which is independent
of the pulmonary pathology (41,42). Viral invasion
of the vagal sensory neurons, along with the
neuroinflammatory response, might be involved in
the mechanisms of persistent cough (43). Treatments
for a persistent cough include corticosteroids or
antimuscarinic drugs, neuromodulatory agents, and
language therapy (44).

iv) Dyspnea: Dyspnea, along with fatigue, is the
most common LC-related symptom. Mechanisms
of LC-related dyspnea might be multifaceted,
including dysfunctional breathing with or without
hyperventilation deconditioning, subclinical
myocardial disease, and peripheral limitations on
exercise due to microcirculatory dysfunction (45-
47). Cardiopulmonary exercise testing (CPET) is
commonly used to evaluate unexplained dyspnea as
well as to identify the cause of dyspnea and exercise
intolerance in these patients (48). Treatments for LC-
related dyspnea including hyperbaric oxygen therapy,
nebulized administration of S-1126, antileukotrienes,
sodium pyruvate nasal spray, and pulmonary
rehabilitation should be selected according to the
pathophysiological state of the patient.

There is no specific treatment for respiratory
LC sequelae. Other than symptomatic treatments,
corticosteroids, antifibrotics, and lung transplantation
have been considered and verified (BOX 2). However,
no treatment has been rigorously verified and can thereby
be recommended. Another important issue is the role
of rehabilitation. Thus far, rehabilitation seems to be an
emerging effective therapy against LC-related respiratory
symptoms, which needs to be further verified.

Box 2: Available evidence regarding treatments for
respiratory LC sequelae

i) Corticosteroids: Oral administration of
prednisolone has been a treatment for LC. Myall et al.
conducted an observational study to verify the efficacy
of corticosteroids in treating respiratory LC sequelae.
Thirty patients received prednisolone treatment
(the maximum initial dose of 0.5 mg/kg for 61 +
19 days) and experienced significant symptomatic
and radiological amelioration (49). Dhooria et al.
conducted a randomized trial to verify the efficacy of
prednisolone in low (10 mg) and high (40 mg) doses.

They found that both radiologic response functional
capacity improved significantly and that dyspnea was
significantly alleviated, but there were no significant
differences between the low and high dose of
prednisolone (50). These trials indicated the efficacy
of oral administration of prednisolone, but evidence
from a large, multi-center randomized controlled trial
is needed.

ii) Antifibrotics: Thus far (Feb 2023), nintedanib
(identifier: NCT04541680) and pirfenidone (identifier:
NCT04607928) have been submitted for verification
(51), and no more newer evidence has been reported.

iii) Lung transplantation: Lung transplantation
seems to be the "last resort" to treat lung diseases.
Bharat et al. verified the early outcomes after lung
transplantation in patients with severe COVID-19 who
had developed acute respiratory distress syndrome
(ARDS). They found that all patients were weaned off
extracorporeal support and survived in the short term.
They concluded that lung transplantation is the only
option for survival in patients with severe, unresolving
COVID-19-associated ARDS (52).

3. The circulatory system

LC-related damage to the circulatory system is also
highlighted because such damage commonly causes
severe illnesses and can even be life-threatening. LC-
related damage to the circulatory system commonly
includes LC-related thrombosis (including vein
thrombosis), endothelial dysfunction (along with its
downstream damage), and pulmonary embolism and
bleeding events sensu stricto; they should also include
SARS-CoV-2 infection-related heart injury sensu
lato, such as myocarditis, myocardial involvement,
arrhythmia, and heart failure. Xie et al. conducted a
prospective cohort study involving 150,000 patients
with COVID-19 who had survived over 30 days from
their initial SARS-CoV2 infection. They found that
SARS-CoV2 infection significantly increased the risk
of development of cardiovascular complications such
as ischemic heart disease, arrhythmia, myocarditis,
pericarditis, heart failure, and thromboembolic
disease (/0). SARS-CoV-2 may enter the host cells
via ACE2. It can directly attack the myocardial cells
and cause myocarditis. Moreover, it triggers abnormal
inflammatory and immune responses, such as a cytokine
storm, and further causes myocardial damage that
may subsequently lead to arrhythmia and heart failure.
Excessive release of cytokines like interleukin (IL)-6
and tumor necrosis factor (TNF)-o may contribute to
endothelial dysfunction and cause various downstream
injury, such as thrombosis and acute coronary syndrome.
Thrombosis-associated pulmonary thromboembolism
may cause lung injury, subsequently cause hypoxic
pulmonary artery vasoconstriction, and finally increase
pulmonary vascular resistance. In addition, SARS-
CoV-2 infection may upregulate the expression of
angiotensin II (Ang IT) and downregulate the expression
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Figure 1. Mechanisms of COVID-19-related damage to the circulatory system.

of Ang 1-7 and lead to vasoconstriction. These
complicated mechanisms contribute to damage to the
circulatory system (Figure 1).

3.1. Thrombosis, vascular injury, and ischemic heart
disease

Normal morphology and function of the vascular
endothelium are protected and modulated by several anti-
inflammatory cytokines and anti-clotting factors, such
as nitric oxide (NO), prostaglandin 12 (PGI2), activated
protein C, tissue factor pathway inhibitor, and Ang
II1. In a pathophysiological state, such as LC, obesity,
or diabetes, inducted oxidative stress may activate
generation of reactive oxygen and pro-inflammatory
cytokines, suppress activation of NO and PGI2, induce
apoptosis of vascular endothelial cells, and finally induce
dysfunction of the vascular endothelium. Moreover,
release of pro-inflammatory cytokines and pro-clotting
factors may cause vascular inflammation, platelet
aggregation, and thrombosis. SARS-CoV-2 may directly
infect the vascular endothelium and damage it. Since
endothelial dysfunction plays a vital role in disturbance
of the microcirculation, thrombosis and vascular injury
may cause illnesses throughout the body. In addition,
long-term bedrest, particularly by patients with severe
COVID-19, may cause their condition to deteriorate.
Piazza et al. reported the prevalence of thrombotic
events in patients with COVID-19. They found that the
frequency of major arterial or venous thromboembolism,
major cardiovascular adverse events, and symptomatic
venous thromboembolism was highest in patients in the
ICU, followed by the hospitalized non-ICU patients,

while the frequency in outpatients was 0% for all (53).
Their findings indicated that the risk of developing
thrombosis is positively correlated with the severity of
COVID-19. Interestingly, the prevalence of thrombotic
events in hospitalized patients with COVID-19 is
reported to be higher than that in patients with other
critical diseases and other respiratory viral infections
(such as influenza). Hence, some researchers have coined
the novel term "COVID-19-associated coagulopathy,"
suggesting early preventive anticoagulation (54,55).
Although several observational studies have suggested
a benefit of anticoagulation, robust evidence including
optimal selection of anticoagulants, their dose, and
the duration of treatment remains insufficient (54).
Viecca et al. evaluated the efficacy of tirofiban, an
antiplatelet agent, in treating severe COVID-19 with
hypercoagulability (56). They found that tirofiban might
be effective in improving the ventilation/perfusion
ratio in patients with severe COVID-19 and respiratory
failure. They proposed administration of an antiplatelet
agent to prevent cardiovascular complications in patients
with COVID-19 pneumonia. Liu et al. verified that
dipyridamole, another antiplatelet agent, helped to
improve the clinical outcomes of patients with severe
COVID-19 (57).

3.2. Myocarditis and myocardial involvement

Two sorts of myocarditis, namely COVID-19-related
myocarditis and COVID-19 vaccine-related myocarditis,
have been reported. Most of the reported cases of
myocarditis involve young patients who underwent
mRNA vaccination (58). A few studies have documented
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COVID-19-related myocarditis. The current review
will only discuss LC-related myocarditis, which is
reported to be very rare but potentially life-threatening
(59). The underlying mechanisms of COVID-19-
related myocarditis are shown in Figure 1. Commonly,
progression of COVID-19-related myocarditis is very
fast. It usually causes rapidly progressive cardiogenic
shock and fulminant biventricular failure (60). In
this regard, COVID-19-related myocarditis is quite
dangerous and commonly requires sophisticated use of
multiple extracorporeal devices such as veno-arterial
extracorporeal membrane oxygenation (VA-ECMO) in
the ICU.

Diagnosis of COVID-19-related myocarditis is
difficult in current clinical practice. The gold standard
diagnostic tool is an endomyocardial biopsy (EMB),
which can also provide an etiological diagnosis
(for example, identification of SARS-CoV-2 in the
myocardium). However, EBM is seldom performed in
patients without heart failure or ventricular arrhythmias,
and particularly in young and/or low-risk patients, due
to its invasiveness. Most of the cases are diagnosed
based on symptoms (chest pain), an electrocardiogram
(ECQG), laboratory results (such as a troponin increase
(61)), echocardiography, and cardiac magnetic resonance
imaging. Ruling out obstructive coronary artery disease
is also crucial. Due to the diagnostic difficulties, there are
no compelling data on epidemiological characteristics.
Thus far, only case reports and serial case reports with a
small sample size are available.

Thus far, there is not much evidence for treatment
of myocarditis. The American Heart Association
recommends that treatments for cardiogenic shock
fulminant myocarditis should include administration of
inotropes and/or vasopressors and mechanical ventilation
and using mechanical circulatory support for long-term
management (62). Some researchers suggest using high-
dose steroids (63,64) and intravenous immunoglobulins
(IVIG) (61) to treat COVID-19-related myocarditis.
However, using high-dose steroids is a double-edged
sword that might cause adverse effects. Russell et al.
reported that high-dose steroids might lead to a reduction
in viral clearance and an increased mortality for all
causes (65). Nonsteroidal anti-inflammatory drugs
(NSAID) are not recommended for myocarditis due
to their adverse effects (62). The efficacy of antivirals
against COVID-19-related myocarditis remains unclear.

3.3. Heart failure

Heart failure is a final outcome of various heart diseases,
such as myocarditis, arrhythmias, acute coronary
syndrome, myocardial infarction, Takotsubo syndrome,
and acute pulmonary embolism (66). Hence, many
pathological factors in the context of COVID-19 can
finally cause heart failure, or rather, LC can induce heart
failure directly or indirectly. COVID-19-related heart

failure is associated with abnormal inflammatory and
immune reactions (Figure 1). Aging, arrythmias, and
chronic kidney disease were identified as independent
predictors of mortality in COVID-19 patients with heart
failure. Nevertheless, elucidating the actual etiology
causing heart failure, which might be a comprehensive
result of interactions among these complex pathological
factors, is sometimes very difficult. For hospitalized
patients with heart failure, SARS-CoV-2 infection plays a
role as an independent predictor of mortality. Moreover,
COVID-19 is associated with many adverse outcomes
(increased in-hospital mortality, longer hospital stays,
and higher cost of hospitalization) in patients with heart
failure (67). Accordingly, management of heart failure
in the context of COVID-19 is extremely important in
clinical practice.

A knotty problem is how to make a differential
diagnosis between COVID-19-related acute respiratory
distress syndrome (ARDS) and acute heart failure
(AHF) because they share the same symptoms (dyspnea
and fatigue). Sometimes, a patient can suffer from
both ARDS and AHF, increasing the difficulty of
differentiation. Palazzuoli et al. devised a method of
distinguishing ARDS and AHF by comparing differences
in their history, clinical manifestations, supplemental
examinations, and laboratory results (66) (Table 2).
Treatments for COVID-19 related heart failure should be
selected to alleviate both COVID-19 and heart failure.
The mainstay treatments for ARDS and AHF are also
listed in Table 2. In addition, treatment with tocilizumab
(TCZ), an IL-6 receptor antagonist, has also been
reported. A meta-analysis indicated that the mortality of
COVID-19 patients treated with TCZ was 12% lower
than those not treated with TCZ (68). The efficacy and
safety of TCZ treatment for COVID-19 were verified in
several studies (69,70).

3.4. Arrhythmia

Arrhythmia (particularly atrial arrhythmias) is
known to be one of the most common cardiovascular
complications of COVID-19, whether in the acute phase
of infection or LC (71,72). It is also the most significant
factor causing new onset or deterioration of COVID-19-
related heart failure (66). Commonly reported COVID-
19-related atrial arrhythmias include atrial fibrillation
(AF), flutter and supraventricular tachycardias (SVT),
bradyarrhythmia, ventricular arrhythmias (VA), and
sudden cardiac death (SCD). AF is the most common
arrhythmia in patients with COVID-19 (717,73). Studies
investigating arrhythmia in LC are limited. Xie et al.
reported a significant increase in dysrhythmias and
cardiac arrest between 30 days and 12 months after initial
infection (/0). AF, atrial flutter, and undefined ventricular
arrhythmias increased in all patients with LC (74).
Mechanisms of developing an arrhythmia are shown
in Figure 1, but the long-term arrhythmic sequelae of
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Table 2. Differential diagnosis between COVID-19-related acute respiratory distress syndrome (ARDS) and acute heart
failure (AHF) and related treatments (Palazzuoli et al., 2022)

Items

COVID-19-related ARDS

AHF

Differential diagnosis
Clinical history of related ¢ High cardiovascular risk factors
risk factors * COVID-19 contact history
Symptoms * Prone position alleviates dyspnea

* Fever

* Persistent cough

* Loss of taste and smell

* Gastrointestinal symptoms

* High cardiovascular risk factors

« History of recurrent heart failure

« History of myocardial infarction

« Orthopneic position alleviates dyspnea
« Signs of pulmonary crackles

* Systemic congestion

* Murmur

* Third heart sound

* Isolated pulmonary crackles or diffuse reduction in

pulmonary ventilation

Laboratory results * Mild increase in natriuretic peptides

* Increased C-reactive protein and ferritin

* Relative lymphopenia

* Increased D-Dimer and fibrinogen
Gas exchange

with SPO2 < 90%

* Respiratory acidosis

Chest radiography
Echocardiography * No cardiac dilatation

* Left ventricular hypertrophy

» Normal or slight increase in pulmonary pressure
Lung CT

» Marked increase in natriuretic peptides and troponin

» Hypoxemia with hypocapnia or hypercapnia associated ¢ Hypoxemia with or without hypercapnia, mixed

acidosis or respiratory alkalosis

* Normal cardiac shape with minimal or patchy opacities * Enlarged cardiac shape with interstitial edema

* Pulmonary venous congestion

* Right heart failure with an increase in pulmonary
pressure

* Heart failure with a reduced ejection fraction due to
myocarditis or worsening of chronic heart failure

« High score for heart failure with a preserved ejection
fraction

* Pericardial effusion

* Pulmonary interstitial involvement and fibrotic changes <« Signs of post capillary hypertension and alveolar

* Dilatation of the main pulmonary artery branches edema

Magnetic resonance
imaging effusion

Treatments

* Intravenous fluids

* Antiviral therapies

* Appropriate antibiotic therapy

* Corticosteroids: dexamethasone

* Anti-fibrotic therapies: pirfenidone, alteplase

» Oxygen therapy to increase oxygen levels
* Mechanical ventilation with a low tidal volume
* Veno-venous extracorporeal membrane oxygenation

« Cardiac dilatation, hypertrophy
« Distention of central vein

» Restrictive edema associated with mild pericardial < Segmental and global reduction in myocardial

contractility along with signs of diffuse extracellular
matrix deposition

IV vasoactive therapies, a combination of hydralazine
and nitrate

¢ Mechanical circulatory support: venous arterial
extracorporeal membrane oxygenation, intra-aortic
balloon pump,

* Angiotensin-converting enzyme inhibitors/angiotensin
receptor blockers

* Optimization of beta-blockers and ivabradine
 Angiotensin receptor neprilysin inhibitors: sacubitril/
valsartan

* Hemofiltration therapy

SARS-CoV-2 infection remain unclear. Like myocarditis
mentioned earlier, determining whether arrhythmia is
caused by SARS-CoV-2 infection is difficult. EBM is
also the gold standard to answer this question but is
seldom performed. In this regard, antiviral therapies have
to be fully considered.

3.5. What about the future?

Current robust evidence for treatment of LC is quite
limited. Over three years have passed since the start
of the COVID-19 pandemic, allowing investigation
of the effects of LC on the circulatory system. Indeed,
many clinical trials investigating LC and cardiovascular
sequelae are ongoing, including rehabilitation programs,

symptomatic therapies, metabolic modulators,
immunomodulatory therapies, antifibrotic treatments,
and anticoagulation (75). The results are eagerly
anticipated. With advances in computer technology,
studies based on mobile apps, artificial intelligence, big
data, and machine learning are booming (76). Barrios
et al. reported a telemedicine approach to manage
anticoagulation in AF (77). Indeed, use of telemedicine
in LC, and particularly in management of the patients
with LC-related circulatory diseases, should have
many advantages. It can reduce the exposure to SARS-
CoV-2 infection and offer convenience to patients,
caregivers, and clinicians. Other than management of
the oral administration of medicines, remote but real-
time monitoring of key indices, such as cardiac rhythm
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(even remote ECG), is useful. Moreover, remote
diagnosis, remote rehabilitation, remote robot-assistant
rehabilitation, and remote diagnosis and treatment should
be paths for future exploration, although at present there
are still many technological and ethical concerns that
need to be addressed. But what is needed first of all is a
smart top-level design and reasonable development plan
based on the pathophysiological nature of circulatory
diseases in the context of LC.

4. The neurological system

Neurological and cognitive problems in LC are highly
concerning because they are common in patients who
have recovered from the acute phase of SARS-CoV-2
infection. Importantly, they may persist longer than three
months after diagnosis (4) and might be long-term (even
lifelong) sequelae of COVID-19 in some cases. Most
of these neurologic symptoms are refractory and often
relapsing. These features may greatly impact the quality
of life (QOL) and activities of daily living (ADL) of
patients. Nevertheless, understanding and knowledge
regarding these neurologic symptoms are quite limited.
Other than their mechanisms, the epidemiological
features, clinical characteristics, diagnosis, effective
treatment, and prognosis for these problems remains
unclear due to the limitations of methodologies, the stage
of the pandemic, and technology, all of which warrant
further investigation in the future.

4.1. Symptomatologic issues

Involvement of neurological and cognitive systems is
a marked feature of LC, and it commonly includes a
wide spectrum of symptoms, including non-specific
symptoms (fatigue, headaches, dizziness, and vertigo),
sensory impairment (paresthesia, hypogeusia or
ageusia, hyposmia or anosmia, tinnitus, and hearing
loss), neuropsychological symptoms (memory loss
and cognitive impairment), and neuropsychiatric
symptoms (insomnia, depression, anxiety, and post-
traumatic stress disorder (PTSD)). Moreover, ataxia,
epilepsy, disturbance of consciousness, skeletal muscular
symptoms, peripheral nervous symptoms, and other
stroke-like symptoms were also reported (78). Kamal
et al. found that LC-related symptoms would present as
late as 20 days after the onset of infection. They found
that fatigue was the most common symptom (72.8%),
and only 10.8% of patients had no LC-related sequelae.
Importantly, the severity of the sequelae was closely
associated the severity of acute infection (79). Taquet et
al. conducted a retrospective study of electronic health
records to investigate neurological and psychiatric
sequelae of COVID-19 (80). They found that 33.63% of
patients suffered from the neurological and psychiatric
sequelae during a 6-month follow-up. Patients with more
severe COVID-19 are prone to have more neurological

and psychiatric problems. Patel ef al. conducted a
meta-analysis investigating the long-term neurological
sequelae in patients who recovered from severe
COVID-19 (81). Their meta-analysis included seven
studies involving 3,304 patients. They found that 20.20%
of individuals had LC symptoms over two weeks after
the acute phase, including headaches (27.8%), fatigue
(26.7%), myalgia (23.14%), anosmia (22.8%), dysgeusia
(12.1%), sleep disturbance (63.1%), confusion (32.6%),
difficulty concentrating (22%), PTSD (31%), feeling
depressed (20%), and suicidality (2%) Hugon ef al.
studied a cohort of 100 patients with COVID-19 and they
found that 85% of patients had impaired ADL (82). The
top 9 neurologic symptoms were cognitive impairment
with brain fog (81%), headaches (68%), paresthesia
(60%), ageusia (59%), anosmia (55%), myalgia (55%)
dizziness (47%), pain (43%), and depression and anxiety
(42%). Approximately 18% of patients had abnormal
MRI imaging (white matter changes). However, the
relevance between MRI changes and symptoms remains
unknown.

Results from different studies display marked
heterogeneity. The distribution of sequalae differs
considerably among these studies. Most of these studies
are single-center studies with a small sample size, so
they might suffer from selection bias. Moreover, the
different follow-up, criteria for inclusion/exclusion,
and assessment tools used might contribute to this
heterogeneity. Indeed, the distribution of LC symptoms
is still puzzling.

Headaches are a common symptom presenting
in both acute-phase COVID-19 and LC. Headaches
are reported in approximately 11-34% of hospitalized
patients. The characteristics of COVID-19-related
headaches are that they are migraine-like, tend to recur,
and intractable. Administration of common NSAIDs and/
or anti-inflammatory medications seems to have little
effect (81). Importantly, most of the patients who tend to
develop headaches have not had migraines or their risk
factors, indicating a close causal relationship between
these headaches and SARS-CoV-2 infection (817,83).

Fatigue is also a common LC sequela reported in
many studies. Approximately 34.0-72.8% of patients with
COVID-19 reportedly suffered from fatigue (87,84). The
duration of fatigue fell from 52% (at 6 months) to 20%
(at 12 months) (3). LC-related fatigue is quite analogous
to ME/CFS, which is closely associated with immune-
inflammatory dysfunction (85). Davis ef al reviewed
the similarities between LC and ME/CFS from the
perspectives of etiology, symptomatology, mechanisms,
disease distribution, diagnosis, and treatment, and they
concluded that SARS-CoV-2 infection might cause ME/
CFS, where fatigue is a keystone connecting both (7).
However, fatigue in LC is reportedly not associated
with either the level of pro-inflammatory markers
and cytokines (84) or the severity of COVID-19 (81).
A plausible explanation is that LC-related-fatigue is
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influenced by many pathophysiological factors and not
limited to viral infection (87).

Neuropsychiatric symptoms include depression,
anxiety, PTSD, and other neuropsychiatric problems
(obsessive-compulsive disorder, insomnia, etc.) that
are reported to be closely associated with COVID-19.
Patients with COVID-19 may have double the risk of
developing mood disorders (86). Approximately 30-40%
of patients are estimated to have such neuropsychiatric
problems (87), and that number is markedly higher
than only 10% to 35% in other non-COVID diseases
(88,89). Females and adolescents and young adults
are more vulnerable to mood disorders (90). Mazza et
al. observed LC symptoms in 402 patients and found
that prevalent neuropsychiatric symptoms were PTSD
(28%), depression (31%), anxiety (42%), obsessive-
compulsive disorder (20%), and insomnia (40%) (91).
They contend that these symptoms were associated with
immune-inflammatory dysfunction. A meta-analysis
reported that the prevalence of depression, anxiety, and
PTSD was 20%, 35% and 53%, respectively, in 113,285
individuals (92). Another meta-analysis presented a
pooled prevalence of depression (45%) and anxiety
(47%) in patients with COVID-19 (93). Certainly,
negative emotions (apprehensions regarding health and
unemployment, dread of medical treatment, isolation,
hospitalization, efc.) may directly cause mood problems,
yet several studies have demonstrated that the abnormal
immune-inflammation reaction seems to play a non-
negligible role in the initiation, development, and
deterioration of these neuropsychiatric symptoms (91,94).
Since such neuropsychiatric symptoms are closely
associated with QOL for a long time, close attention
should be paid to mental health after acute COVID-19
(90), along with inflammation in these patients (917).

Cognitive impairment, colloquially called "brain
fog," is a notable neuropsychological symptom of LC,
and particularly the domains of attention, memory,
and executive functions (95). Almeria ef al. found
that approximately 34.4 % of patients had cognitive
problem. Cognitive impairments can be found in patients
with acute-stage COVID-19, and patients with severe
disease readily develop cognitive problems (96). These
cognitive impairments can last at least four months after
COVID-19 (97). Commonly, females, patients who had
respiratory problems at the onset of infection, and patients
admitted to the ICU are more vulnerable to developing
cognitive problems. Another noteworthy problem is
that persisting cognitive impairments and emotional
deficits can also be found in young adults who recovered
from mild COVID-19. Manukyan et al. observed the
neuropsychological state of 40 young patients (age 19.9
+ 2.06, ranging from 18-27) who recovered from mild
COVID-19 and found that performance on inhibition
tasks and scores on depression subscale in these patients
were worse than those of controls, even though there
were no significant differences in anxiety and fatigue

(98). Hence, the neuropsychological problems in young
patients with mild disease cannot be ignored. However,
due to the complex nature of brain fog, the available
studies display a high level of heterogeneity. Use of
subjective self-report assessments might contribute to
this heterogeneity.

Other neurologic symptoms are also reported.
Insomnia is the most prominent sleep disturbance.
COVID-19 may worsen existing sleep disorders or
"cause" a new sleep disorder (99). Sensory impairments,
such as hypogeusia, ageusia, hyposmia, and anosmia, are
noticeable symptoms in the acute phase. Approximately
60% of patients suffered from olfactory dysfunction
during the acute phase, and it regarded as a long-
term symptom in LC. But identifying such ageusia or
anosmia as an LC symptom in patients whose only
COVID-19 symptoms were sensory loss is sometimes
difficult because the history of SARS-CoV-2 infection is
uncertain (/00). Encephalitis/encephalopathy have been
well-documented in the context of COVID-19, but a
biopsy study ruled out active encephalitis as a feature of
SARS-CoV-2 infection (101).

The available literature often focuses on the
association between these symptoms and SARS-CoV-2
infection and it pays little attention to the interactions
among LC-related symptoms. SARS-CoV-2 might play a
background role in the long-term pathophysiology of LC.
Instead, interactions among LC-related symptoms might
play a more important role in the progression of diseases.
For example, does a COVID-related sleep disturbance
worsen cognitive impairment? Does COVID-related
sensory loss influence cognition? These questions are
still unanswered and warrant further investigation.

4.2. Potential mechanisms underlying neurologic
involvement

Thus far, mechanisms underlying how SARS-CoV-2
infection affects the nervous system, and especially
the CNS, are not fully understood. There are too many
internal/external factors involved. Moreover, the
complicated interactions among these factors complicate
and confuse the story. Several hypotheses have been put
forth but require further verification.

i) SARS-CoV-2 direct invasion hypothesis: This
hypothesis contends that many neurologic changes in
the nervous system are the direct result of invasion by
SARS-CoV-2. SARS-CoV-2 is a neurotropic virus, and
ACE2 plays a role as a docking gene for cellular entry.
Along with other genes such as neuropilin-1, basigin
(BSG; CD147), and transmembrane protease serine 2
(TMPRSS2), SARS-CoV-2 can enter the brain (/02,103).
In addition, SARS-CoV-2-related cytokines, such as IL-
6, IL-1pB, IL-17, and TNF-a, may contribute to disruption
of the blood-brain barrier (BBB) and allow entry of
the virus (/04). Other than the dysregulated BBB,
another plausible route for neurologic entry of SARS-

www.biosciencetrends.com



94 BioScience Trends. 2023; 17(2):85-116.

CoV-2 is the olfactory system. The virus may invade
nerve terminals by endocytosis, then be transported
retrogradely, and trans-synaptically spread to other
brain regions (/04). Clinical evidence also corroborates
this route, such as marked olfactory-related symptoms
(hyposmia or anosmia) and abnormal MRI findings in the
olfactory cortex (/05) caused by SARS-CoV-2 infection.
In addition, viruses can enter the brain carried by infected
immune cells (/04). However, this hypothesis remains
controversial since direct evidence of viral invasion
is insufficient. Bernard-Valnet et al. reported two
cases of acute meningoencephalitis concomitant with
COVID-19, but they found no evidence of SARS-CoV-2
infection in the patients' cerebrospinal fluid (CSF) (106).
Pilotto et al. investigated 25 patients who suffered from
SARS-CoV-2 related encephalitis and found that CSF
samples were negative for SARS-CoV-2 RNA according
to RT-PCR (/07). Moreover, Kantonen et al. performed
an autopsy on four patients with COVID-19 and found
that all CNS samples tested with RT-PCR were negative
for SARS-CoV-2 (108), which seems to rule out the
direct infection of SARS-CoV-2 in the CNS. Another
autopsy study in Germany also indicated that COVID-
related changes in patients seemed to be mild, whereas
marked neuroinflammatory changes in the brainstem
were the most common finding (/09). This refutes
the contention that CNS damage is directly caused by
SARS-CoV-2 infection. Hence, other than the effects
of direct infection, abnormal immune-inflammatory
reactions seem to play a more crucial role in LC-related
symptoms in the CNS (295).

ii) Abnormal immune-inflammatory reactions
hypothesis: This hypothesis contends that neurologic
involvement is the result of abnormal immune-
inflammatory reactions. In the context of COVID-19, the
BBB might be disrupted (/02). The circulating levels of
pro-inflammatory cytokines, such as IL-6, and TNF-a,
in patients are usually elevated (//0). These cytokines,
along with viral proteins and molecular complexes from
damaged cells (such as nuclear protein high mobility
group box 1) might enter the brain via the compromised
BBB and trigger an innate immune response in
macrophages in the brain and microglia, finally inducing
brain dysfunction (/04). This hypothesis has been
verified by many bench (94,1/7) and bedside studies
(109,112) and is therefore accepted by most researchers.
SARS-CoV-2 infection may trigger excessive production
of pro-inflammatory cytokines and cause many
downstream pathological changes, such as headaches
(1/13) and vascular and organ damage (7). Elevated
inflammatory indices in patients with COVID-19
corroborate this hypothesis. Hyperinflammatory and
hypercoagulable states, which affect all organ systems,
might be a plausible explanation for LC symptoms
(100). That said, involvement of the hypothalamic-
pituitary-adrenocortical (HPA) axis is also possible. In
the context of COVID-19, pro-inflammatory cytokines,

such as IL-6, and TNF-a, were upregulated, and these
cytokines activate the HPA axis. The HPA axis can also
be activated by BBB dysfunction and neurovascular
inflammation (//4). Once the HPA axis is activated,
release of norepinephrine and glucocorticoids increases,
further inducing splenic atrophy, T cell apoptosis, and
NK cell deficiency, thereby reducing systemic immunity.
These immune-inflammation-related mechanisms
comprehensively act on the CNS and finally cause brain
dysfunction. Hence, anti-inflammatory therapy can be
considered as a strategy to treat LC symptoms.

iii) Dysautonomia hypothesis: Many studies
attribute the symptoms in LC to dysautonomia
(100,115,116). The main idea of this hypothesis is
that many COVID-19-related pathogenic factors,
like oxidative stress, immune dysfunction, and an
inflammatory reaction, may cause dysautonomia.
Dysautonomia is what plays a vital role in causing
the subsequent multi-organic symptoms. DePace and
Colombo even commented that LC symptoms can be
interpreted as "a pro-inflammatory state with oxidative
stress and parasympathetic and sympathetic (P&S)
dysfunction" (/00). This hypothesis is plausible since
P&S dysfunction indeed triggers almost all reported LC
symptoms. Colombo et al. used autonomic treatments
to treat patients with COVID-19 and found that SARS-
CoV-2 infection significantly worsened autonomic
dysfunction and related symptoms, but this dysfunction
and these symptoms were ameliorated by autonomic
treatments (//6).

iv) Dysbiosis of gut microbiota: Now there is direct
evidence that COVID-19-related gut microbiota might
play a role in the development of cognitive impairment
in LC (117) (see the section discussing the digestive
system).

4.3. Available treatments

Thus far, there is no specific treatment for neurologic
symptoms in LC, and symptomatic treatment is
the mainstay. Supportive therapy is a keystone for
COVID-19. Treatments for underlying diseases (such as
diabetes) are also crucial. The efficacy/safety of antiviral,
anti-inflammatory, steroid, and autonomic treatment is
still uncertain.

4.4 Paths for future exploration

So many methodological and technological flaws have
been stumbling blocks holding back the progress of
the bench and bedside studies of LC. First, due to the
multidimensional nature of neurological involvement,
multidisciplinary collaboration should be advocated to
compensate for the limitations of a narrow view of a
single discipline. Second, to reduce heterogeneity among
the different studies, clinical criteria for and definitions
of LC should be standardized. Third, large-scale, multi-
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center studies involving international collaboration
should be conducted. Fourth, health education regarding
LC and the value of vaccination should be conducted.
Fifth, clinical studies should be more closely tied to
biopsy findings. A biopsy study is limited by many
factors, but its findings are greatly helpful in providing
clinical insights and correcting possible biases regarding
LC.

4.4.1. For diagnosis

i) More sensitive, specific, and reliable biomarkers
(with limited invasiveness, if possible) that can be
actually used in clinical practice should be identified.
This must rely on advances in basic research. Use of
bioinformatic technology might be a path to explore
more novel biomarkers.

ii) Commonly used self-reporting scales for
neuropsychological symptoms might potentially have
observation bias and cause heterogeneity among
different studies. Hence, more administered scales/
batteries specially for LC-related neuropsychological
symptoms should be considered and developed. Next-
generation neuropsychological assessments should be
devised following the principle of OMS (objective,
multi-purpose, and simple) as described in previous
studies by the current authors (//8-720). Importantly,
the latest computer technology should be capitalized

upon (76).
4.4.2. For treatment

i) Verification of the efficacy/safety of several
antivirals, anti-inflammatories, antioxidant drugs,
steroids, and monoclonal antibodies in treating
neurologic symptoms is underway. Novel treatments
like electrical neuro-prostheses stimulation should be
developed. The results are eagerly anticipated.

i) Psychological interventions should be highlighted
for those who suffer from LC-related depression, anxiety,
PTSD, and suicidality. Family support and professional
care are both important and therefore advocated for.

iii) Just as with other neurological diseases, the
role of rehabilitation, and particularly the value of
early rehabilitation (/217), should be recognized and
emphasized. Accordingly, novel technologies for and
concepts of rehabilitation should also be devised and
used to treat LC-induced disabilities, such as use of
robot-assistant rehabilitation and remote rehabilitation.

5. The digestive system

Digestive system involvement is commonly reported
with COVID-19 since ACE2 is widely expressed in the
digestive system, including the gastrointestinal (GI) tract
(esophagus, stomach, and small and large intestine),
liver, and pancreas (/22). Accordingly, symptoms in the

digestive system are commonly reported, both in acute
COVID-19 and LC. Although these symptoms are non-
specific for SARS-CoV-2 infection, they usually bring
discomfort and markedly impact the QOL of patients,
hence requiring medical intervention.

5.1. Involvement of the GI tract

Commonly reported COVID-19-related symptoms
include diarrhea, constipation, acid reflux, abdominal
pain, and altered smell/taste. However, LC-related
GI symptoms are not well identified. Blackett et al.
conducted a 6-month follow-up in hospitalized patients
and an online survey of patients with COVID-19 and
found that the symptoms at 6-month follow-up were
abdominal pain (7.5%), constipation (6.8%), diarrhea
(4.1%), and vomiting (4.1%) (/23). In total, 16% reported
at least one GI symptoms during this follow-up. A recent
prospective follow-up cohort study investigated the LC
sequelae of the GI tract in 320 patients with COVID-19
and found that 11.3% of patients developed GI disorders
at 1-month follow-up (/24). Persistent symptoms were
8.4% at 3 months and 6.6% at 6 months. Symptoms at 3
months were irritable bowel syndrome (2.5%), diarrhea
(2.2%), dyspepsia (1.9%), constipation (0.9%), overlap
of dyspepsia-irritable bowel syndrome (0.6%), and
abdominal bloating/distention (0.3%). A meta-analysis by
Choudhury et al. reported that abdominal pain, diarrhea,
along with hypogeusia or ageusia, loss of appetite, nausea
and vomiting, dyspepsia, and irritable bowel syndrome
are LC-related GI symptoms (/25). They found that the
frequency of GI symptoms was 12% in patients with
COVID-19 and 22% in patients with LC. Frequent LC-
related symptoms were diarrhea (10%), abdominal pain
(14%), hypogeusia or ageusia (17%), loss of appetite
(20%), nausea and vomiting (6%), dyspepsia (20%),
and irritable bowel syndrome (17%). Importantly, they
found that GI symptoms are not associated with severity
of COVID-19 and that many patients with mild disease
also possibly develop GI symptoms (/25). Accordingly,
loss of appetite, dyspepsia, irritable bowel syndrome,
hypogeusia or ageusia, and abdominal pain might be
the most common GI symptoms in LC. A point to keep
in mind is that all these symptoms are non-specific for
disorders in GI tract, so they also can develop due to the
dysfunction of other systems.

5.1.1. Mechanisms underlying dysfunction of the GI tract

Thus far, mechanisms underlying dysfunction of the
GI tract due to COVID-19 are not fully understood,
and particularly the long-term effects of SARS-CoV-2
infection. The GI tract is mainly controlled by the
autonomic nerves system. Theoretically, all pathological
factors in the body, such as direct viral infection,
abnormal immune- inflammatory reactions, abnormal
gut microbiota composition, and an abnormal gut-brain
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axis, may directly or indirectly influence the GI tract and
cause various symptoms.

i) Concept of PI-FGID: The term "post-infection
functional gastrointestinal disorders (PI-FGID)" is used
to describe newly developing GI symptoms following
infection-related acute gastroenteritis that meet the Rome
criteria (/24). The characteristics of PI-FGID are that
it is: 7) infection-related; ii) new onset; iii) independent
(onset, development, and progression are independent
of the initial infection); and iv) persistent. LC sequelae
can be partly included in PI-FGID since transient GI
symptoms in LC can trigger long-lasting FGID despite
the situation during the initial infection (/26). Likewise,
PI-FGID has its independent mechanisms (not directly
related to COVID-19), such as genetic predisposition and
a pre-existing psychological disturbance (depression and/
or anxiety). PI-FGID contributes to dysregulation of gut
motility, visceral hypersensitivity, dysbiosis, increased
intestinal permeability, bile acid malabsorption, and
modifications of enteroendocrine cell and serotonin
metabolism, which can partly explain the onset of GI
symptoms.

ii) Direct influence of viral infection: Several
studies have confirmed the direct influence of SARS-
CoV-2 infection on the GI tract. SARS-CoV-2 RNA was
found in stool samples from patients with COVID-19
(127). Natarajan et al. found SARS-CoV-2 RNA in
12.7% of stool samples in patients at a 4-month follow-
up and in 3.8% at a 7-month follow-up (/28). Gaebler et
al. found that persistence of the SARS-CoV-2 antigen in
the GI tract was approximately four months (range: 2.8-
5.7 months) after infection (/29). Zollner et al. noted
the persistence of the SARS-CoV-2 antigen in the gut
mucosa of LC patients developing inflammatory bowel
disease seven months after the initial SARS-CoV-2
infection (/30). Goh et al. noted the persistence of the
nucleocapsid protein of SARS-CoV-2 in the appendix
of patients 426 days after symptom onset (/37). Another
ongoing work found persistent abnormalities of lymphoid
and myeloid cells in the GI tract up to 10 months after
initial infection (/32). All of the aforementioned evidence
seems to imply a prolonged persistence of SARS-CoV-2
in the GI tract. Goh ef al. even pointed out the possibility
of the GI tract serving as a reservoir for SARS-CoV-2
(131).

iii) Dysbiosis of gut microbiota is a noteworthy GI
change in patients with COVID-19 (133,134). Yeoh et al.
checked the gut microbiota in stool samples from patients
who recovered 30 days after SARS-CoV-2 infection.
The composition of gut microbiota changed significantly
in patients with and without COVID-19. Several gut
commensals with known immunomodulatory potential,
such as Faecalibacterium prausnitzii, Eubacterium
rectale, and bifidobacteria, were lower in patients and
remained lower in the samples collected 30 days after
recovery from disease (/33). Liu et al. reported higher
levels of Ruminococcus gnavus and Bacteroides vulgatus,

along with lower levels of Faecalibacterium prausnitzii,
in patients with LC (vs. non-COVID-19 controls). This
gut dysbiosis may persist at least 14 months. Low levels
of butyrate-producing bacteria were closely associated
with LC at a 6-month follow-up (/34). These data
prove the great impact of SARS-CoV-2 infection on the
microecosystem. Dysbiosis of gut microbiota may affect
not only the GI system but also the whole body. De
Almeida et al. performed fecal bacteria transplantation
(FMT) from patients with LC to healthy germ-free mice
and they noted cognitive impairment and impaired lung
defenses in these mice that were partly treated with
the commensal probiotic bacterium Bifidobacterium
longum (/17). This study provides direct evidence that 7)
SARS-CoV-2 virus can remain in the GI tract for a long
time even though the patient has recovered from acute
infection and that if) (3) dysbiosis of gut microbiota
induced by COVID-19 plays a role in the development
of COVID-19-related cognitive impairment.

Other than the aforementioned mechanisms,
existence of inflammatory bowel disease indicated that
abnormal immune-inflammatory reactions may play a
role in the GI sequelae of LC (/30). Mechanisms causing
dysfunction in the GI tract might be complicated and
multifaceted. Several bench studies have reported that
crosstalk between neurons and intestinal epithelial cells
might play a role in defense from infection, indicating
the involvement of neuromodulation in GI immune-
inflammatory regulation (/35,/36). The involvement
of neuromodulation in LC sequelae requires further
investigation.

5.1.2. Management of GI symptoms in LC and the future

Thus far, insights regarding selection of optimal
treatments for GI sequelae in LC remain limited. Non-
specific treatments such as supportive therapy and
symptomatic therapy are the mainstay. Although there
have been advances in the treatment of diseases like
postinfection irritable bowel syndrome (137,138),
whether those treatments can be used to treat SARS-
CoV-2 infection remains unknown.

On the basis of known information, several paths
may be considered for future research: i) Verification
of exiting treatments for postinfection irritable bowel
syndrome in patients with LC; ii) Previous studies
indicated the possible long-term reserve of SARS-
CoV-2 in the GI tract, so is administration of an antiviral
to LC patients essential and effective? iii) Due to the
involvement of dysautonomia, are neuroregulatory
therapeutics, such as tricyclic antidepressants, or
electrical neuro-prostheses stimulation of either the
parasympathetic (vagus) or sympathetic nervous system,
effective for LC patients? iv) Due to the gut microbial-
related mechanisms, can FMT be effective in treating
GI sequelae in LC? These issues should be addressed to
explore optional treatments for the GI symptoms in LC
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5.2. Involvement of the hepatobiliary system

Hepatic manifestations have been reported since early
observational studies concerning COVID-19 (139-143),
ranging from asymptomatic elevation of liver enzymes
to decompensated hepatic function. A study has reported
that approximately 14-53% of patients with COVID-19
developed abnormal liver function (/44), whereas severe
illness was associated with a higher incidence of liver
dysfunction (/45). In general, hepatic involvement in
COVID-19 might be attributed to the direct cytopathic
effects of SARS-CoV-2, drug-induced liver injury,
hypoxia reperfusion injury, secondary infection, an
auto-immune disorder, and a cytokine storm. COVID-
19-related liver dysfunction was initially regarded as
transient and was thought to recover along with the
resolution of COVID-19. Recently, however, Liu ef al.
found that abnormal liver function was still observed
in 11.2%, 9.5%, and 7.6% of LC patients at 3, 6, and
12 months after discharge, respectively (/46). Liao et
al. reported that abnormalities in a liver function test
were observed in 25.1% of patients with COVID-19
at one month, 13.2% at three months, 16.7% at six
months, and 13.2% at 12 months after discharge (/47).
These findings suggest that liver dysfunction might be
a persistent LC sequela that is independent of recovery
from acute COVID-19. Moreover, a novel entity known
as post-COVID-19 cholangiopathy (PCC) has recently
been reported occasionally (/48-152). This syndrome
usually manifests as cholestasis and jaundice during
convalescence from COVID-19 and accompanied by
marked increases in serum alkaline phosphatase and
direct bilirubin, along with injury of the bile ducts
on imaging. It is also referred to as "post COVID-19
sclerosing cholangitis." Hence, involvement of the
hepatobiliary system is not rare and attention should be
paid to it in clinical practice.

5.2.1. Underlying mechanisms of hepatobiliary
dysfunction

Mechanisms underlying hepatobiliary dysfunction
persisting after recovery from acute COVID-19 remain
unclear. One plausible hypothesis is the persistent
imbalance in immunity in LC (/53). As described in the
GI section, the GI tract might play a role as a reservoir
for SARS-CoV-2 (131). This means that the virus will
not disappear with recovery from acute infection. It
might induce long-term abnormalities in the immune-
inflammatory reactions and affect the whole body,
certainly including the hepatobiliary system. Several
current studies have reported a new-onset metabolic
disorder during COVID-19 (154-159) that may increase
the risk of developing metabolism-associated fatty liver
disease (MAFLD). Milic ef al. found that the prevalence
of MAFLD increased from 37.3% on admission to
55.3% at follow-up (median 144.0 days (130.0-167.5))

in 235 patients with COVID-19 (/60). A prospective
cohort study by Liao et al. found that the prevalence of
ultrasound-determined fatty liver disease increased from
18.5% at discharge to 71.4% after a 12-month follow-
up (147). Accordingly, new-onset fatty liver disease also
markedly contributes to the development of LC-related
hepatobiliary dysfunction. Finally, cholangiocytes are
known to exhibit a higher level of ACE2 expression
than hepatocytes. This might trigger cytopathic and
immunological effects during SARS-CoV-2 infection
and ultimately induce cholangiopathy (/48).

5.2.2. Treatment for hepatobiliary dysfunction

Most LC-related liver dysfunction is mild and requires
no intervention. However, when patients present
symptoms of liver injury, liver protective medication is
recommended. Available evidence for PCC is rare so
far. Ursodeoxycholic acid and obeticholic acid, which
are mainly used to treat cholestatic diseases (/61), are
the medications most frequently used to treat PCC as an
empiric therapy (/49). When PCC develops into severe
liver decompensation, liver transplantation is required.
Faruqui et al. reported that 12 patients were definitively
diagnosed with PCC; of those, five patients finally
underwent liver transplantation due to persistent jaundice,
liver failure and/or recurrent bacterial cholangitis (/62).
Durazo et al. reported a 47-year-old man who recovered
from COVID-19-related ARDS and who subsequently
developed end-stage liver disease from PCC (/63). This
patient underwent liver transplantation and survived at
the 7-month follow-up.

5.2.3. Paths for future exploration

Liver injury after COVID-19 is not rare. However,
most of the patients are asymptomatic. Hence, a regular
liver function test and abdomen imaging screening are
highly recommended for COVID-19 patients during
convalescence. The prevalence of PCC is low but it
is life-threating, so careful attention should be paid to
it in routine clinical practice. During the COVID-19
pandemic, PCC should be listed as a potential diagnosis
for all patients suffering from cholestatic liver disease of
an unknown cause.

6. The urinary system

Renal complications and lower urinary tract symptoms
(LUTS) are commonly reported in the context of LC.
Acute kidney injury (AKI) is the most significant
kidney disease in LC. Other kidney diseases, such as
chronic kidney disease (CKD), glomerular diseases, and
end-stage kidney disease, can also develop or worsen
as a result of SARS-CoV-2 infection. Patients with
COVID-19 are known to have a high risk of adverse
kidney outcomes (/64). LUTS is not rare in patients
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with COVID-19. In early studies, some patients with
COVID-19 presented with LUTS, such as frequent
urination, that were believed to be associated with viral
cystitis after SARS-CoV-2 infection (/65). Crete et
al. systematically reviewed the LUTS in COVID-19
and found that approximately 3-5% of patients with
COVID-19 developed LUTS (166). A recent study
investigated the relationship between LUTS and
COVID-19 and found that augmented frequent urination
was the most common urological symptom (/67). Of
those patients with COVID-19, 3.4% had frequent
urination, 1.0% had dysuria, and 1.0% had acute urinary
retention. Dysfunction of the detrusor muscle in the
bladder might be a cause of LUTS in the context of
COVID-19 (168).

Kidney sequelae play a key role in LC-related urinary
sequelae and therefore cannot be ignored. This section
will focus on kidney involvement.

6.1. AKI, the most common form of LC-related renal
dysfunction

AKI is common in hospitalized patients with COVID-19.
As per the definition in Kidney Disease: Improving
Global Outcomes (KDIGO), AKI is defined as any of the
following issues: "increase in serum creatinine by > 0.3
mg/dL (> 26.5 pmol/L) within 48 hours; or increase in
serum creatinine to > 1.5 times baseline, which is known
or presumed to have occurred within the prior seven days;
or urine volume < 0.5 mL/kg/hour for 6 hours". (/69). A
recent meta-analysis found that the pooled prevalence of
AKI was 28% among hospitalized patients; of those, 9%
required dialysis (AKI in Stage 3D) (170). Stage 3D AKI
is even more common in patients requiring admission to
the ICU. Hsu et al. reported that 2,361 of 4,221 (56%)
patients with COVID-19 in the ICU developed AKI; of
those, 876 (21%) patients underwent kidney replacement
therapy (KRT) (/71). Hirsch et al. reviewed medical
records of 5,449 hospitalized patients with COVID-19
and found that 36.6% of patients developed AKI; 46.5%
had stage 1, 22.4% had stage 2, and 31.1% had stage 3;
of those, 14.3% required KRT (/72). In total, 89.7% of
patients requiring ventilation developed AKI (vs. 21.7%
of those who did not require ventilation), and 96.8%
of patients requiring KRT also required mechanical
ventilation. Approximately 52.2% of patients developed
AKI within 24 hours of intubation. Finally, 26% of
patients were discharged, 39% were hospitalized, and
35% unfortunately died. Later, Hirsch et al. observed
the impact of AKI on clinical outcomes in hospitalized
patients with COVID-19 and found that risk of in-
hospital death was higher in patients with AKI 1-3 and
AKI 3D (173). A previously cited study also indicated
that patients with COVID-19 who developed AKI had
a significantly higher mortality rate than those who did
not develop AKI (38% vs. 13%) (1/71). The estimated
glomerular filtration rate (¢GFR) is significantly reduced

by COVID-19-related AKI (77,164,174-176). Bowe et
al. reported that approximately 5% of non-hospitalized
COVID-19 survivors suffered a 30% reduction in eGFR
(164). A study in China conducted a retrospective and
prospective follow-up to investigate the eGFR and
reduced renal function in patients with COVID-19 and
found that 8.3% of COVID-19 patients with AKI in
acute phase suffered from decreased eGFR, which was
significantly higher than the ratio in patients without AKI
(174). These patients had worse renal function at follow-
up. The frequency of a decreased eGFR in COVID-19
patients with AKI was 6.02% in patients with stage
1 AKI, 15.99% in patients with stage 2, and 17.79%
in patients with stage 3, indicating that COVID-19
patients with AKI in the acute phase are prone to have
worse renal function during follow-up. Several studies
compared AKI in patients with and without COVID-19.
Xu et al. found that AKI more frequently developed in
patients with COVID-19 than those without COVID-19
(29% vs.18%) (175). Patients with COVID-19 who
developed AKI had a lower eGFR than that of patients
without COVID-19. The risk of in-hospital death was
greatest for patients with COVID-19 and AKI, followed
by those with COVID-19 and without AKI, and then
those without COVID-19 and with AKI. Nugent ef al.
also found that COVID-19-related AKI may involve
a greater reduction in the eGFR than non-COVID-19-
related AKI (/76). Huang et al. reported that 35% of
patients with COVID-19 developed AKI, a figure that
was significantly higher in patients without COVID-19
(13%) (28). The findings of these studies indicate that
AKI is common in hospitalized patients with COVID-19
and that it is closely associated with prognosis.

That said, studies have indicated that preexisting
CKD is a key risk factor for AKI. A prospective cohort
study including 701 patients with COVID-19 found that
the incidence of AKI was significantly higher in those
with increased baseline creatinine (vs. normal baseline
creatinine) (11.9% vs. 4.0%) (1/77). Available evidence
indicates that CKD is an independent predictor of severe
AKI (178,179).

However, renal sequelae in LC are not fully
understood and still require further investigation.
Nowadays, CKD, the severity of initial respiratory
symptoms, and not being vaccinated (/80) are known to
be possible risk factors for developing AKI in LC. Due
to the non-specific nature of the symptoms (dyspnea,
fatigue, weakness, efc.), investigation of long-term renal
sequelae is challenging.

6.2. Potential pathogenic mechanisms underlying
COVID-19-related AKI and renal dysfunction

Mechanisms of COVID-19 related AKI and renal
dysfunction are multifactorial and not fully elucidated.
Similarly, they are comprehensive results of the direct
effects of SARS-CoV-2 infection, abnormal immune-
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inflammatory reactions, the influence of other organs, and
treatment-related injuries. A large spectrum of COVID-
19-related pathological processes, including tubular
injury, endothelial damage, release of inflammatory
mediators, activation of complements, micro- and/or
macrovascular injury, rhabdomyolysis, hypovolemia,
hypotension or septic shock, pro-coagulant status, and
activation of the renin-angiotensin-aldosterone system,
may contribute to acute/long-term renal dysfunction
(181-183).

Acute tubular injury is the most significant
mechanism involved in COVID-19-related renal
dysfunction. Many biopsy studies have reported marked
tubular necrosis in patients with COVID-19 (/84,185).
Acute tubular injury is most likely directly caused by a
local and/or systemic response to SARS-CoV-2 infection,
which may lead to hypotension, activation of the renin-
angiotensin system, endothelial injury, activation
of coagulation pathways, and mitochondrial injury
(184,186,187). 1t is also associated with several indirect
factors such as hemodynamic abnormalities, ARDS,
hyperuresis, nephrotoxin exposure, hypoxia, a cytokine
storm, rhabdomyolysis, and secondary infections (/76).
The presence of SARS-CoV-2 in the kidneys of patients
with COVID-19 further verified the possibility of direct
viral toxicity (/88).

Microcirculatory disturbances are also observed
in many organs of patients with COVID-19 (/89). Su
et al. reported microvascular obstruction and segmental
fibrin microthrombi in the glomeruli of patients with
COVID-19 (190). The action of thrombocytes plays
a key role in microvascular injury and disseminated
intravascular coagulation in COVID-19 because SARS-
CoV-2 might bind the ACE2 in the thrombocytes
and activate them (/97). In addition, activation of
inflammatory pathways and complements via molecules
(release of a pathogen-associated molecular pattern and
damage-associated molecular pattern) may lead to the
release of pro-coagulant substances and tissue factors
involved in the activation of the extrinsic pathway of
coagulation in COVID-19 (/92). Emerging evidence
suggests that excessive formation of neutrophil
extracellular traps plays a key role in the pathophysiology
of endothelial injury and immune-thrombosis in severe
cases of COVID-19 (193,194).

Collapsing glomerulopathy is the most commonly
reported glomerular disease in COVID-19 patients
and is associated with polymorphisms of the APOLI1
gene particularly in patients of African ancestry (/95).
A previous study indicated that viral infection may
cause upregulation of the APOL1 gene, subsequent
activation of interferon and toll-like receptors, and
induce dysregulation of podocytes and glomeruli (/96).
However, evidence of SARS-CoV-2 infection is not
available so far. Commonly signs of COVID-19-related
collapsing glomerulopathy are AKI, heavy proteinuria,
and hypoalbuminemia (/97-199). Moreover, biopsy

findings of no collapsing features in some patients
with focal segmental glomerulosclerosis suggest
the involvement of podocytopathy in COVID-19-
related glomerulopathy, a topic that requires further
investigation.

In addition to the aforementioned pathogenic
mechanisms, other hypotheses such as involvement
of COVID-19-related tubulointerstitial fibrosis (/76)
warrant further investigation.

6.3. Insights into clinical practice
6.3.1. Biomarkers to predict prognosis

The aforementioned decrease in eGFR is regarded as
a predictor of a worse prognosis for LC-related AKI.
Chaudbhri ef al. reported that proteinuria and hematuria
at admission and during hospitalization are associated
with a worse prognosis in hospitalized patients with
COVID-19 (200). In addition, many biomarkers, and
particularly inflammation-related biomarkers, have
been found to be closely associated with the prognosis
for COVID-19 (201). In a meta-analysis evaluating
the relationship between available biomarkers and the
prognosis for hospitalized patients with COVID-19,
the severity of COVID-19 was found to be associated
with an increase in CRP, PCT, LDH, and D-dimer
(202). More specific biomarkers of COVID-related AKI
were evaluated, including urinary nephrin (203), IL-
18 (204,205), neutrophil gelatinase-associated lipocalin
(NGAL) (203,204,206), monocyte chemoattractant
protein (MCP-1) (203,205), kidney injury molecule 1
(KIM-1) (203,205), epidermal growth factor (EGF) (205),
plasma NGAL (204), NFa receptors in their soluble
form (STNFR 1 and 2) (207), YKL-40, KIM-1, IL-2, IL-
10, IL-18, sFTL1, TNF-0, and Ang2 (208). The plasma
sTNFR1 level was identified as a predictive factor of
COVID-19 prognosis (207,208); high urinary levels of
NGAL (203,204,206), KIM-1 (205), and MCP-1 (205)
and a low urinary level of EGF (205) were associated
with a worse prognosis for COVID-19-related AKI (203).
However, these biomarkers require further investigation
due to the limited available evidence.

6.3.2. Treatment for COVID-19-related renal dysfunction

A comprehensive strategy to treat COVID-19-related
renal dysfunction should be promptly selected to avoid
deterioration of the situation. Treatment for COVID-19-
related AKI should include management of AKI along
with treatment of COVID-19. The KDIGO guideline
for AKI includes fluids and vasopressors, nutrition and
glycemic control, diuretics, vasodilator therapy (such
as dopamine, fenoldopam, and natriuretic peptides),
and avoiding nephrotoxins (/69). Available evidence
in the context of COVID-19, however, is limited, so
lung-kidney interactions should be seriously considered
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(209). Several issues should be taken into account
depending on the pathophysiological state of a given
patient: i) Selection of appropriate ventilation (lung
protective ventilation, or prone ventilation, or lung
protective ventilation with a neuromuscular blockade,
or spontaneous breathing during airway pressure release
ventilation); if) Fluid management (conservative fluid
management, albumin, and diuretics); ii7) Medications
(antivirals, anti-inflammatory treatments such as
glucocorticoids+ mineralocorticoid, immunosuppressors
such as cyclosporine, and antibiotics). Once all
conservative treatments are unsuccessful, KRT and renal
transplant should be considered for patients with volume
overload and/or refractory hypoxemia.

6.4. Paths for future exploration

Thus far, insights into and understanding of COVID-
19-related renal dysfunction are insufficient. Evidence
regarding diagnosis and treatment remains limited. To
better manage COVID-19-related renal dysfunction,
several issues should be addressed:

i) Well-designed large-scale, multicenter RCTs
on diagnostic and therapeutic strategies need to be
conducted to obtain compelling evidence. Accordingly, a
mechanism of transnational cooperation, an international
surveillance system, and a databank of COVID-19-
related renal dysfunction need to be established to
promote international collaborative research and sharing
of information.

i) Renal dysfunction in LC lacks specific symptoms,
so a renal function test should be performed routinely
during follow-up for patients who recovered from acute
COVID-19, and particularly for asymptomatic patients.

iii) A long-term follow-up prospective study should
be conducted.

iv) Treatments for special populations, such as
pregnant women, patients with diabetes, the elderly,
children, and those who are undergoing surgery, should
be considered.

7. The endocrine system

The endocrine system including the hypothalamus,
pituitary, thyroid, pancreas, adrenal and reproductive
glands plays a vital role in regulation of the physiological
functions of the whole body. The nature of a wide
distribution of ACE2 in endocrinal organs/glands
indicates that such structures seem to be targeted by
SARS-CoV-2 infection (2/0). Several known clinical
characteristics of COVID-9, such as the relationship
between susceptibility (and severity) of COVID-19
and diabetes/obesity, as well as the fact that males
are likelier to develop a severe/life-threating illness,
confirm the involvement of the endocrine system.
Accordingly, exploring the impacts of SARS-CoV-2
infection on the endocrine system, and particularly

the functioning of the endocrine glands, is extremely
important in clinical practice. Unfortunately, due to the
status quo of medical care during the pandemic, many
indispensable tests of the functioning of the endocrine
glands were not available, and this has been a stumbling
block to better understanding the actual physiological
state of the endocrine system. The mechanisms of
endocrinal involvement, along with the long-term
effects of COVID-19, have not been fully investigated
and understood. Although direct viral invasion
and viral toxicity to each organ might play a role,
complicated systemic COVID-19-related mechanisms,
such as abnormal immune-inflammatory reactions,
dysautonomia, an abnormal hypothalamic-pituitary-
glands axis, and particularly complex interactions
among organs (glands) and among pathophysiological
factors, might play a more crucial role in endocrinal
involvement in the context of SARS-CoV-2 infection.
The relationship between endocrine disorders and
SARS-CoV-2 infection is reported to be bidirectional:
On the one hand, preexisting endocrine disorders such as
diabetes and obesity are known to negatively impact the
severity and mortality of COVID-19. On the other hand,
SARS-CoV-2 infection might trigger new endocrine
disorders, such as diabetes, hypopituitarism, and primary
adrenal insufficiency (22). Importantly, some endocrinal
symptoms trigged by acute infection do not resolve with
recovery from acute infection and might be persistent or
even lifelong (22). This issue warrants particular concern
and further investigation.

7.1. Pituitary involvement

Due to the uncommon nature of pituitary disorders,
recognition of and knowledge regarding pituitary
involvement is still limited and uncertain. COVID-19
related hypopituitarism might be a result of pituitary
apoplexy and/or hypophysitis (22). A number of risk
factors, such as hypertension, hyperglycemia, obesity,
vertebral fractures, and preexisting pituitary disorders,
are reported to be associated with COVID-19-related
hypopituitarism (2//,212). However, ACE2 expression
in pituitary is reported to be low in a healthy pituitary
gland (213). Hence, some authors have contended that
the involvement of the pituitary might be attributed
to an emerging endocrine phenotype that is closely
associated with the severity of and prognosis for
COVID-19 (211,214). Thus far, available evidence
remains limited. Carosi ef al. found that pituitary
hormonal deficiencies were present in 85.8% of patients
with adrenal insufficiency and that hypopituitarism did
not seem to significantly affect COVID-19 outcomes
(215). Urhan et al. found that cortisol and growth
hormone (GH) measured in a pituitary function test
were lower in patients who recovered from acute
COVID-19. They concluded that pituitary function, and
particularly the HPA and GH axes, might be influenced
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by SARS-CoV-2 infection (2/6). Yoshimura et al.
reported a 65-year male patient with COVID-19 but
with no history of endocrinopathy who suffered from
multiple endocrine deficiencies affecting the HPA axis,
GH-IGF-I axis, and testes (217). Acute respiratory
symptoms improved, but the patient suddenly developed
hypotension and a decrease in circulating ACTH and
cortisol levels. After administration of hydrocortisone,
hypotension was alleviated but the pituitary hormonal
deficiencies persisted. An insulin tolerance test three
months later indicated combined hypopituitarism. The
GH response recovered completely, whereas the ACTH
response recovered partly at 12 months after discharge.
At 15 months after discharge, the basal ACTH and
cortisol levels returned to normal, and hydrocortisone
replacement was discontinued without a deterioration
in symptoms. However, hypogonadism persisted.
The GH and ACTH deficiency lasted for more than a
year and finally disappeared, but hypogonadism did
not disappear during the 15-month follow-up. This
case indicates the existence of COVID-19-related
hypopituitarism. All of the above findings suggest
that hypopituitarism might be triggered by the initial
SARS-CoV-2 infection and persist for a long time after
recovery from acute infection. Some of the hormonal
deficiencies may disappear during a long follow-up
whereas some may not, and this topic requires further
investigation. Hyponatremia is the most common
electrolyte abnormality in patients with COVID-19.
It occurs in approximately 20-60% of hospitalized
patients (218). However, the status quo of hyponatremia
in LC remains unclear. Oguz and Yildiz commented
that hypopituitarism seems to not be associated with
development of severe illness, whereas hyponatremia
and hypocalcemia seem to be associated with the
severity of COVID-19 (22).

7.2. Adrenal involvement

The abundant expression of ACE2 in the adrenal
glands indicates that the adrenal glands are targets of
SARS-CoV-2 infection. Adrenal dysfunction may be a
comprehensive effect of direct viral toxicity, an abnormal
HPA axis, microthrombi in small adrenal vessels (219),
and adrenalitis (279,220). The involvement of the adrenal
glands has been well-documented in acute COVID-19
(215,221,222), but a study has reported that adrenal
involvement, and particularly adrenal insufficiency (Al),
seldom affects the clinical outcomes of COVID-19 (22).
Several previous studies have indicated that most adrenal
dysfunction commonly occurs in the acute stage of
SARS-CoV-2 infection, it lasts several months, and then
it finally disappears after a long follow-up (217,223).
Thus far, limited available data seem to imply that
SARS-CoV-2 infection does not have long-term effects
on the adrenal glands (22), though this topic requires
further investigation.

7.3. Thyroid involvement

Thyroid involvement is quite analogous to adrenal
involvement. The abundant expression of ACE2 in
the thyroid gland indicates that both the thyroid gland
and the hypothalamic-pituitary-thyroid (HPT) axis are
targets of SARS-CoV-2 infection (224). The underlying
mechanisms are direct viral effects, an abnormal HPT
axis, and abnormal immune-inflammatory reactions (/7).
Thyroid impairment, such as abnormal thyroid function
test results (225), non-thyroidal illness syndrome (NTIS)
(226), and subacute thyroiditis (227), might develop
both in the acute phase and recovery phase (/7). NTIS is
common in hospitalized patients with COVID-19, but it
tends to resolve upon recovery (22). Lisco et al. indicated
that COVID-19 might be associated with short-term and
reversible thyroid impairment (228). Available evidence
does not indicate the long-term effects of COVID-19 on
the thyroid (22).

7.4. Obesity and COVID-19

The prominent role of obesity in COVID-19 has been
well-documented. The close association between obesity
and the worse clinical outcomes of COVID-19 is widely
recognized. Obese people are susceptible to SARS-
CoV-2 infection. Abdominal obesity is regarded as a risk
factor for COVID-19, and a high body mass index (BMI)
and increased visceral adipose tissue have been cited as
predictors of COVID-19 severity (229). Another study
based on the American Heart Association COVID-19
Cardiovascular Disease Registry indicated that obesity is
an independent risk factor for the severity and mortality
of COVID-19 (230).

The effects of obesity on SARS-CoV-2 infection are
still not fully understood. Several hypotheses were put
forth based on the available findings. As direct effects,
i) Obesity may cause respiratory difficulties (such as
atelectasis or a ventilation-perfusion mismatch) and
subsequently cause hypoxemia (2317); ii) Obesity is
prone to cause a microcirculatory disturbance, such
as increased blood viscosity, elevated prothrombotic
markers, and suppressed fibrinolytic activity (232), and
iii) Obese patients have more adipocytes and enlarged
adipose tissue that abundantly express ACE2 and that
might serve as a SARS-CoV-2 reservoir (232,233).
As indirect effects, i) Obesity may induce immune
dysfunction. Cytokines and adipokine secreted by
adipose tissues induce a pro-inflammatory state in obese
people (232) that might be associated with systemic
abnormal immune-inflammatory reactions in the context
of COVID-19, ii) Obesity is closely associated with
a battery of metabolic-related comorbidities, such as
hypertension, insulin resistance, and type 2 diabetes
(T2B, see the next section), and secondarily affect
the clinical outcomes of COVID-19, and iii) Obesity
can induce mood disorders (depression, anxiety, and
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stress) (234), which are also associated with the clinical
outcomes of COVID-19. Accordingly, obesity results in
a worse clinical outcome for COVID-19, in males and
females of all ages.

Available findings and knowledge regarding
LC sequelae are limited. Evidence in children and
adolescents has indicated that obesity is associated with
the severity of LC sequelae (235). LC-related symptoms
were associated with a change in body weight that was
independent of the patient's initial COVID-19 status
(236). Hedin et al. found that obese patients infected
with SARS-CoV-2 took twice as much time (vs. non-
obesity patients) to return to usual health (5). A recent
study analyzed the risk of post-acute sequelae of
COVID-19 associated with the continuous spectrum of
BMI in 11,296 patients with COVID-19 and found that a
BMI of 22.1 in men and 21.6 in women may result in the
best recovery (237). A higher BMI was associated with
fatigue, neurocognitive impairment, and chest symptoms.
Both high and low BMlIs are associated with impaired
recovery after COVID-19. Those findings seem to
indicate that obesity and emaciation are not beneficial for
recovery from COVID-19. The underlying mechanisms
and the roles of exercise in recovery from LC sequelae
need to be investigated further.

7.5. Diabetes and COVID-19

Diabetes, and particularly T2D, is the most significant

Virulence of SARS-CoV-2

endocrine/metabolic disease. It is also the most
significant COVID-19-related disease, playing a
comprehensive role (risk factor for/predictor of infection,
severe illness, and death; a comorbidity; a sign of the
effects of many diseases, etc.) in the pathophysiological
mechanisms of COVID-19. The complicated association
between diabetes and COVID-19 has been well-
documented. In the past, the association between T2D
and COVID-19 was considered to be bidirectional
(238). On the one hand, once glycemic control in
pre-existing T2D is inappropriate, it can render the
patient susceptible to infection, enhance the severity
of COVID-19, or be independently associated with
many adverse outcomes (238). On the other hand,
SARS-CoV-2 infection per se can trigger a battery of
metabolic abnormalities, including insulin resistance
and hyperglycemia, finally inducing the onset of T2D
(239). Many individuals with prediabetes that progressed
to diabetes during the pandemic can be partly attributed
to the viral infection (certainly, epidemic control
measures such as "lockdowns" and "isolation at home"
may have changed the lifestyles of some people, which
might be an indirect cause of this issue). However, the
association between T2D and COVID-19 appears to be
multidirectional (Figure 2). First, both T2D and SARS-
CoV-2 infection may affect the whole body. Second,
almost all of the pathophysiological factors involved
in SARS-CoV-2 infection are also associated/interact
with T2D. Hence, rather than being "bidirectional," the
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Figure 2. The multidirectional interactions between SARS-CoV-2 and type 2 diabetes. Red arrows/lines represent the influence of a SARS-
CoV-2 infection. Purple arrows/lines represent the influence of type 2 diabetes. Gray arrows represent the influence of pathophysiological factors.
Blue arrows represent the direct influence of the organs on pathophysiological factors, and a dotted line represents an uncertain influence.
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association/interaction between T2D and COVID-19
is extremely complicated and intricate, and almost all
organs and all pathophysiological factors might be
involved (Figure 2). Thus, mechanisms between T2D
and COVID-19 are far from clarified. ACE2 is expressed
in the pancreas, so direct invasion of SARS-CoV-2 might
be a plausible explanation for impaired insulin secretion.
In addition to pancreatic injury, the essential question is
whether beta cells are destroyed by the viral infection.
Several clinical (/54) and experimental (240) studies
have found that rather than direct damage to beta cells,
hyperstimulation of the beta cells by viral infection-
related insulin resistance may cause exhaustion of beta
cells and worsen diabetes (247). Alternatively, abnormal
immune-inflammatory reactions (24/), endothelial
dysfunction (240), and other pathophysiological
factors like dysautonomia and mood disorders more
or less contribute to COVID-related insulin resistance
and beta cell dysfunction (242). Nonetheless, T2D
certainly appears to "connive" with SARS-CoV-2 to
induce a worse clinical outcome. This contention is
supported by a study in India, which indicated that T2D
patients diagnosed during the COVID-19 pandemic
had more severe glycemia than those diagnosed before
the pandemic (/54). What should be kept in mind is
that impaired beta cell function and insulin resistance
cannot recover as soon as the body recovers from acute
infection. Those effects might be persistent (24/) and
even lifelong sequelae of COVID-19.

7.5.1. Diabetes in LC

Box 3. Particular concerns regarding diabetes in LC
* The prognosis for COVID-19-related hyperglycemia
or diabetes

» Whether the incidence of diabetes remains higher in
patients with LC

» What is the difference between T2D patients with
and without a history of SARS-CoV-2 infection
during a long-term follow-up?

Several particular concerns regarding diabetes in LC are
listed in Box 3.

The available evidence is inadequate, but several
clinical studies have helped to address these concerns.
Montefusco et al. found that 46% of patients
with COVID-19-related hyperglycemia were still
hyperglycemic whereas 27% were normoglycemic
(241). Even in those normoglycemic patients, abnormal
glycometabolic control and a cytokine profile, along
with insulin resistance, were still observed. Glycemic
abnormalities can persist at least two months after
recovery from acute infection. However, a study in Italy
obtained the opposite results. The study observed 589
patients with COVID-19; 19.6% had preexisting T2D,
6.7% had new-onset T2D, 43.7% had hyperglycemia
not in the diabetes range, and 30% were normoglycemic
(243). After recovery from acute infection, the incidence

of dysglycemia returned to its level pre-admission. The
study therefore ruled out COVID-19-related disruption
of glycometabolic control as a long-term sequela.
Accordingly, more rigorous trials need to be conducted to
observe the long-term prognosis for COVID-19-related
hyperglycemia or diabetes.

Xie and Al-Aly conducted a cohort study to observe
the risks and burdens of incident diabetes in people with
LC, and they found that patients with COVID-19 had
a higher risk and excess burden of incident T2D and
antihyperglycemic agent use during a 12-month follow-
up (/7). Another large cohort study investigating the
long-term effects of COVID-19 on cardiometabolic
outcomes found that the net incidence of T2D increased
in the first four weeks after COVID-19 and remained
high for 5-12 weeks but did not increase for 13-52
weeks. Hence, the incidence of T2D increased for at least
12 weeks after COVID-19 (244). These findings indicate
that patients with COVID-19 had an increased risk of
developing T2D during a long-term follow-up.

Fernandez-de-Las-Pefias ef al. conducted a case-
control study to compare LC sequelae between
COVID-19 patients with and without T2D and they
found that the most common LC symptoms were fatigue,
dyspnea on exertion, and pain (245). There were no
differences in LC symptoms and reduction of ADL
between COVID-19 patients with and without T2D.
They wondered if T2D might be not a risk factor for
developing LC symptoms. In another case-control study,
Mittal et al. found that COVID-19 patients with T2D had
more fatigue than those without T2D during an average
92-day follow-up (246).

Altogether, the heterogeneity of the limited available
literature cannot provide compelling evidence to address
the concerns in Box 3. The effects of diabetes in LC
warrants further investigation because it may greatly
impact the QOL of and prognosis for these patients.

7.5.2. Prospects for the future

In light of the limitations of the available studies and
based on the authors' clinical experience, there are
several recommendations to improve the management,
diagnosis, and treatment of LC-related diabetes.

Management: T2D is a lifestyle-related disease,
which means that it is associated with many unhealthy
lifestyles. Indeed, T2D and COVID-19 share many
common risk factors. Management of risk factors such
as blood pressure, dyslipidemia and glucose, along
with lifestyle improvements, can benefit T2D as well as
LC. There is robust evidence regarding the beneficial
effects of multifactorial-risk-factor-interventions on
T2D (247). A future study should focus on verification
of these multifactorial-risk-factor-interventions in LC,
and particularly for controversial interventions such as
exercise.

Diagnosis: Standardization of the diagnostic protocol
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for T2D in the context of LC, including laboratory tests
and timing, is important. Other than simple fasting
blood glucose, more specific examinations such as
oral glucose tolerance tests, multiple point insulin,
C-peptides, pancreatic and hepatic ectopic fat, body
composition, and a hyperglycemic clamp test should
be considered and conducted (248). This will help to
explore the association between LC and T2D (insulin
resistance). Moreover, attention should be paid to the
timing of the examination. Thus far, there is no robust
evidence on the optimal timing for a T2D examination.
In light of the authors' experience, three months after
recovery from acute COVID-19 might be a good time
given glycosylated hemoglobin levels and exclusion of
hyperglycemia caused by steroids or stress. This topic
needs to be investigated further.

Treatment: Several studies evaluated the efficacy/
safety of mainstream anti-diabetic agents for treatment
of patients with T2D and COVID-19 (249-252). One
of those studies reported that dipeptidyl peptidase-4
inhibitor (DPP-4i) was related to increased mortality
(249) and two reported adverse reactions to insulin
(249,250). No study reported adverse reactions to
glucagon-like peptide-1 receptor agonists (GLP1RA),
sodium-glucose cotransporter-2 inhibitors (SGLT21i), or
metformin. Moreover, GLPIRA, followed by SGLT2i
and metformin, exhibited the best protective effects
against death (250). GLP1RA and SGLT2i are also
reported to help reduce body weight, facilitate glycemic
control, reduce cardiovascular events, and improve
renal outcomes (253). Administration of GLP1RA and
SGLT2i is also associated with a better prognosis for
COVID-19. Accordingly, GLP1RA and SGLT2i are
most likely to be recommended for treating diabetes
in LC, and this topic requires further verification by
rigorously designed RCTs.

8. The reproductive system

SARS-CoV-2 infection may cause long-term
sequelae in the reproductive systems of both males
and females. ACE2 is widely expressed in the testes
(254) and ovarian and endometrial tissue (255), hence
unsurprisingly, SARS-CoV-2 infection can involve the
male and female reproductive systems. Impairment of
the HPA axis in the context of COVID-19 (described in
the neurological section) also contributes to disorders
in the reproductive system due to the dysfunction of
the neuroendocrine system. Moreover, the abnormal
immune-inflammation-related changes due to
COVID-19, such as dysautonomia (/00), ME/CFS
(7,256), and mood disorders (257,258), may indirectly
affect the reproductive system, thereby inducing many
specific and non-specific symptoms. However, available
studies regarding the long-term effects of SARS-CoV-2
infection on the reproductive system are quite limited
thus far.

8.1. Involvement of the male reproductive system

Erectile dysfunction (ED) is the most common
reported reproductive symptom in male patients with
COVID-19. A study in Italy reported that the prevalence
of ED was 28% in patients with COVID-19, which was
significantly higher than that in individuals without
COVID-19 (9.33%) (259). In an observational study in
Thailand, Harirugsakul ef a/. reported that the prevalence
of COVID-19-related ED was 64.7%; most ED was milt
in severity (257). ED in these patients was associated
with mental disorders. ED is affected by many factors.
In addition to pathological factors, it is also influenced
by other factors such as culture, education, religion,
and attitude towards sex. This is understandable given
the great heterogeneity among different countries.
However, what is clear is that the prevalence of ED is
higher in patients with COVID-19. Kresch et al. noted
the prolonged presence of SARS-CoV-2 in penile tissue,
which can induce vascular dysfunction or endothelial
dysfunction and obstruct the blood supply to penile
tissues thereby causing ED (260). In addition, direct
testicular injury and COVID-19-related mood disorders
(such as depression and anxiety due to SARS-CoV-2
infection) may also contribute to the development of ED
(261).

Maleki et al. noted problems with sperm count,
semen volume, motility, sperm morphology and sperm
concentration in patients with LC and found that they
were associated with increased cytokines and the
presence of caspase 8, caspase 9 and caspase 3 in seminal
fluid (262). These findings confirmed testicular injury
in LC. Due to the abundance of ACE2 in the testes,
testicular injury might be induced by SARS-CoV-2
infection-related oxidative stress and inflammation and
further cause abnormal sperm motility, DNA breakage,
and male infertility (263). Moreover, invasion by SARS-
CoV-2 might cause orchitis and epididymitis of the testis
(264). However, this hypothesis is controversial since
no inflammatory markers associated with predicting
testicular pain or orchitis were found in patients with
COVID-19 (265). In addition, more cases of testicular
torsion were reported during the COVID-19 pandemic,
and those mechanisms remain unclear (266).

8.2. Involvement of the female reproductive system

ACE2 is well distributed in ovarian and endometrial
tissue (267). A plausible hypothesis is that SARS-
CoV-2 infection could greatly influence the production
of ovarian hormones and endometrial response during
menses (255). Ding et al. reported that ovarian damage,
including diminished ovarian reserve and a reproductive
endocrine disorder, were observed in female patients
with COVID-19 (268). Menstrual changes are commonly
reported during the COVID-19 pandemic. Li et al. found
that in 237 female patients with COVID-19, frequent
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menstrual dysfunctions were changes in menstrual
volume (25%), changes in the menstrual cycle (28%),
decreased volume (20%), and a prolonged cycle (19%).
Concentrations of sex hormones and ovarian reserve
did not change. These changes might be associated
with systemic dysfunction rather than specific to the
female reproductive system. The endocrine and ovarian
systems seem not to be seriously affected by SARS-
CoV-2 infection (269). Takmaz et al. found that the
prevalence of a menstrual cycle irregularity increased
due to COVID-19 pandemic-induced depression,
anxiety, and stress in healthy female caregivers (258).
In a large-scale retrospective cohort study involving
18,076 smartphone app users, Nguyen et al. found that
the COVID-19 pandemic did not affect population-level
changes in ovulation and menstruation in the women
who participated (270). The results of these studies
seem to imply that menstrual changes in COVID-19 are
more associated with secondary changes in COVID-19
(e.g., mood disorders) rather than the direct impact of
SARS-CoV-2 infection. Many researchers have argued
that the problem of menstrual changes in COVID-19
seems to be "neglected" or "underestimated" so that
long-term sequelae involving the female reproductive
system are not well investigated (27/-273). Medina-
Perucha et al. conducted a cross-sectional online survey
study investigating menstrual changes in LC and found
that patients with LC had a higher risk of developing
menstrual changes in comparison to those who did not
have COVID-19 or those who had COVID-19 but not
LC (273).

8.3. Paths for future exploration

In light of the available literature, the long-term effects
of COVID-19 on the reproductive system, either male
or female, remain uncertain. Other than the possible
direct influence of viral invasion, interactions between
the reproductive organs and other systems might be
important, and particularly bidirectional interaction with
mood disorders (4). This means that dysfunction of the
reproductive system might adversely affect other systems
and increase their dysfunction. Davis et al. reported that
menstruation and the week before menstruation might
play an inciting role in the relapse of LC symptoms
(4). Hence, reproductive involvement in the context of
COVID-19, and especially long-term effects, cannot be
ignored. Aspects of reproductive involvement should be
included in future follow-up studies.

9. Dermatologic involvement

Many dermatologic manifestations are reported in
patients with COVID-19. Of those, acral chilblain-like
or pernio-like lesions ("COVID toes," Figure 3A) are
reportedly the most common dermatologic symptoms
in acute COVID-19. The other commonly reported

Figure 3. Common dermatologic manifestations of long COVID.
A, pernio-like lesions; B, urticaria; C, papulosquamous eruptions; D,
morbilliform-like eruptions; E, hair loss.

skin findings include morbilliform-like eruptions,
papulosquamous eruptions, urticaria, and livedo
reticularis (Figure 3). Most of these lesions spontaneously
resolve within two weeks after onset (20). However,
some authors reported persistent lesions such as chilblain
lesions (274), pernio, and papulosquamous eruptions
(275) that might fall under dermatologic sequelae of LC.
In a meta-analysis, Mirza ef al. found that the prevalence
of chilblains/pernio-like lesions was 51.5%, that of an
erythematous maculopapular rash was 13.3%, and that
of viral exanthem was 7.7%. Latency from initiation of
respiratory symptoms to dermatologic manifestations was
an average of 1.5 days in children and 7.9 days in adults,
ranging from -3-38 days. Approximately 10% of patients
have only dermatologic manifestations, and 5.3-13.3%
of patients initially developed cutaneous symptoms (276).
An important study observed dermatologic involvement
in patients with COVID-19 and found that the median
duration of skin findings was 13 days (IQR 7-21) for all
patients, and seven days (IQR 5-14) for patients with
laboratory-confirmed COVID-19. Chilblains/pernio-
like lesions persisted a median of 15 days (IQR 10-
30) in patients with suspected COVID-19 and 12 days
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(IQR 7-23) in confirmed cases. Morbilliform persisted
a median of 7 days (IQR 5-10) and urticarial eruptions
persisted a median of 4 days (IQR 2-10) in patients with
confirmed COVID-19; the longest duration was 28 days.
Papulosquamous eruptions persisted 20 days (IQR 14-28)
in confirmed cases; one patient had a confirmed "long-
hauler" eruption persisting 70 days. Seven of 103 patients
(6.8%) with pernio were long-haulers whose pernio
persisted over 60 days (275). This observational study
drew a useful picture of common COVID-19-related
skin findings. The mechanisms of these skin findings
are not clear. Tammaro ef al. hypothesized that these
dermatologic manifestations in LC might be induced by
prolonged abnormal immune-inflammatory reactions,
along with psychological stress, and this topic requires
further investigation (274). Nailfold capillaroscopy
has therefore been recommended for identification of
potential microcirculatory morphological alterations in
these patients (20).

In addition to the aforementioned skin findings, hair
loss was reported in approximately 20-25% of patients
3-6 months after recovery from COVID-19 (6,28,277).
This is also regarded as an LC sequela (Figure 3E).
However, a study in South Korean involving 226,737
patients with COVID-19 found no evidence of an
association between COVID-19 and the development
of alopecia areata (278). Lopez-Leon et al. believe that
hair loss after COVID-19 might be regarded as a form
of telogen effluvium that results from the transition of
premature follicles from the anagen phase to the telogen
phase due to systemic stress and/or infection (6).

However, due to the complex nature of SARS-CoV-2
infection, there is no compelling evidence whether these
dermatologic manifestations are caused by or related to
COVID-19. The underlying causal relationship should be
determined.

10. Concluding Remarks

The current study comprehensively reviewed the
sequelae of LC in main organ systems on the basis
of the latest available literature prior to February
2023. This work has attempted to provide updated
information to all COVID-19 researchers. The take-home
messages should help to improve the insights into and
understanding of the long-term effects of COVID-19.
Based on the aforementioned knowledge and limitations
of the available studies so far, several considerations/
suggestions can be offered for future investigation:

i) Over three years have passed since the COVID-19
pandemic started. A study with a longer follow-up
(over two years) would help to better understand LC
sequelae. That said, the possible inadequacy of medical
examinations during the pandemic might limit our
understanding of the effects of SARS-CoV-2 infection
on each organ as well as related pathophysiological
states. This might be partly compensated for with a well-

designed follow-up. Indeed, we are now conducting
a two-year follow-up investigating the risk factors for
COVID-19-related pulmonary fibrosis. More studies
with a longer follow-up should be conducted.

ii) Most of the included studies did not report the
variant infecting patients (Table 1, onlin data: http://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=140). Due to the heterogeneous nature of the
different variants (epidemiological and clinical features),
future studies should clearly report the variant involved.
In addition, rigorous comparison of LC sequelae by
variant might be interesting.

iii) Findings have revealed that many LC sequelae
developed independently of the initial severity of
COVID-19. This means many LC sequelae can develop
in mild and even asymptomatic patients. Moreover, some
LC sequelae, such as dysfunction of the kidneys and
liver, potentially develop into severe illness and even
life-threatening syndromes. However, such conditions
often lack specific symptoms and might be ignored in
the early stage. We therefore strongly recommend that
patients with a history of SARS-CoV-2 infection, no
matter the severity of the initial infection (including
asymptomatic patients), should undergo a periodic
physical examination to identify possible hepatic and/or
renal damage.

iv) An abnormal immune-inflammation reaction and
a mood disorder (anxiety, depression, and stress) might
be common mechanisms involved in the dysfunction
of organs throughout the body (Figure 2). Hence, anti-
inflammatory agents and antivirals and treatments for
mood disorders should be developed and verified in
future clinical trials, and particularly their long-term
effects on LC sequelae and adverse reactions they might
cause.

v) Interactions of symptoms might be bidirectional
or even multidirectional (Figure 2). A typical example
is the interaction between the ED and a mood disorder.
ED might develop from depression, while conversely
ED can also lead to depression. The interaction between
ED and depression may constitute a vicious cycle and
finally lead to a worse outcome. Clinicians should
investigate the potential formation of a vicious cycle and
attempt to break this vicious cycle to achieve a better
clinical outcome. Accordingly, future studies should
be conducted with full consideration of the interaction/
crosstalk among organs and symptoms (Figure 2).

vi) The latest computer technology, such as artificial
intelligence, big data, and machine learning, should be
used in future LC studies.

Taken together, COVID-19 is a complicated disease
involving the whole body. We propose establishing
mechanisms for multidisciplinary collaboration to fight
against LC. These should include not only the medical
disciplines but also a large spectrum of disciplines
including chemistry, engineering, materials science, and
computer science in order to combat LC.
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SUMMARY

Keywords

Power laws have been observed in various fields and help us understand natural phenomena.
Power laws have also been observed in ultrasound images. This study used the power spectrum
of the signal identified from the reflected ultrasound signal observed in ultrasonography based on
the power-law shot noise (PLSN) model. The power spectrum follows a power law, which has a
scaling factor that depends on the characteristics of the tissue in the region where the ultrasound
wave propagates. To distinguish between a tumor and blood vessels in the liver, we propose a
classification model that includes a scaling factor based on ResNet, a deep learning model for image
classification. In a task to classify 6 types of tissue - a tumor, the inferior vena cava, the descending
aorta, the Gleason sheath, the hepatic vein, and small blood vessels — tumor sensitivity increased
3.8% and the F-score for a tumor improved 2% while precision was maintained. The scaling factor
obtained using the PLSN model was validated for classification of liver tumors.

ultrasonography, liver, deep learning, classification, power-law shot noise model

1. Introduction

Power laws occur and are observed in various scientific
fields, and they are useful for understanding natural and
man-made phenomena. The characteristics of power
laws are used in economics and finance, and the scaling
factors are used for prediction (/-3). The medical field
is no exception, and power laws are also observed in
ultrasonography.

Ultrasonography is a method widely used to image
body tissues because it is relatively safe, versatile,
low cost, and mobile. However, ultrasonography has
the disadvantages of a low resolution and unclear
images compared to other imaging methods such
as X-rays, magnetic resonance imaging (MRI), and
computerized tomography (CT) scans. One task for
which ultrasonography is often used is to diagnose liver
cancer. In Japanese guidelines for diagnosis of liver
cancer, ultrasonography is the method of choice for
screening at-risk patients (4). However, pathologists
need experience and medical knowledge to accurately
diagnose liver cancer. Factors such as contrast-based
images, cross-sectional images, and changing shapes
depending on the probe angle hamper the identification
of parts of the liver in ultrasound images, even with
medical knowledge. Experience helps to combine

medical knowledge with diverse structures in ultrasound
images to correctly understand the intrahepatic region.
Despite the convenience of ultrasonography, its
drawback is that the examination can only be performed
at a large hospital by a liver specialist.

Several studies have sought to determine the
features of structures in ultrasound images in order
to facilitate a diagnosis (5-7). Studies have sought
to determine the characteristics of ultrasound waves
propagated by a structure using the power-law shot
noise (PLSN) model (8-70). An ultrasound image is
obtained by converting the amplitude of the ultrasound
waves emitted by the probe and reflected by structures
scattering those waves in a given region into brightness.
Previous studies have proposed that the amplitude of
this reflected ultrasound wave can be represented by the
PSLN model. Since the frequency characteristics of this
amplitude follow a power law and the scaling factor of
a power law differs depending on the characteristics of
the structure propagating waves, they can presumably
be used as a feature to distinguish between tissues. A
previous study applied this PSLN model to ultrasound
images of the breast, allowing breast cancer tissue to be
distinguished from normal breast tissue. Such features
can presumably be used to aid in diagnosis in areas
such as liver cancer that require skill and experience.

www.biosciencetrends.com



118 BioScience Trends. 2023, 17(2):117-125.

At present, the PLSN model has not been applied to
ultrasound images other than those of breast cancer.

The current study has focused on the fact that
cancer tissue and normal tissue can be distinguished
by the PLSN model and that this model can be used to
diagnose ultrasound images of liver cancer, a task that
requires skill for a precise diagnosis. First, in order
to verify whether the PLSN model can be applied to
ultrasound images of liver cancer, this study evaluated
whether the frequency characteristics reveal the scaling
factor according to the power law. Next, this study
compared and evaluated whether liver cancer, blood
vessels, and liver tissue can be distinguished based on
scaling factors. In addition, this study constructed a
neural network-based classifier using the scaling factors
and it evaluated whether the scaling factors facilitate
classification of structures.

The paper is organized as follows. Section 2.1
provides an overview of the PLSN model applied to
ultrasonography. Section 2.2, 2.3 provides a method for
determining scaling factors for ultrasound images of
the liver using the PLSN model. Section 2.4 presents
a configuration of a neural network-based classifier
using scaling factors. Section 2.5 provides training and
evaluation data for the neural network-based classifier.
Section 3 provides an evaluation and results for
classification of liver cancer, the inferior vena cava, the
descending aorta, the Gleason sheath, the hepatic vein,
and small blood vessels. Finally, concluding remarks
are described in Section 4.

2. Materials and Methods
2.1. The PLSN model for ultrasonography

In ultrasonography, tissues in the body are usually
modeled as regions containing randomly distributed
structures that scatter ultrasound waves (scatterers),
with each one independently affecting backscattering.
In the PLSN model, the sum of all such backscattered
signals that are received by the transducer is the
reflected signal (10-13):

T'(t) = Zih(t! ti, X, ]I}i), (21)

where ¢ is the time of observation; ¢, are the times
when independent backscattered pulses /(") occur and
are assumed to be random events taken from a non-
homogeneous Poisson process with rate A(?); x; is the
vector denoting the position of the ith scatterer from the
transducer; and y; is a random vector that characterizes
the amplitude, phase, scale and duration of each
backscattered pulse.

Let us focus on reflected signals generated from
scatterers at approximately the same depth in tissue.
We will also assume that the medium is stationary in
the corresponding small segment of tissue and that the

scatterer's density, attenuation properties, and medium
properties are constant. In addition, we will assume that
there are no strong specular reflectors in the scattering
region. Based on these assumptions, x; can be regarded
as roughly constant, and the general model in (2.1) can
be simplified as follows (10,12,13):

r(t) = X h(t — t;, ;). (2.2)

Because of the stationarity assumption, the #'s A(") are
random events from a homogeneous Poisson process
with a constant rate 4. Moreover, since each pulse is a
reflected pulse of the ultrasound signal from the probe,
it can be assumed to be of the form (/0):

h(t —t;, P;) = e(t — t;,a; ) cos(wc(t — ;) + ;)

= e.(t — t;,a; ) cos(wct) — es(t — t;, a; ) sin(w,t), (2.3)

where e (t-t,a;)=e(t-t,a;) cos(p-w.t) and e(t-t,a;)=e(t-
t,a;) sin(¢-w.t,) are respectively the in-phase and
quadrature components; @, is the center frequency of
the ultrasound signal; e(#-¢,a,) is the envelope of the
backscattered pulse with a; specifying its amplitude,
and ¢, is a random phase. The sum of the scattered
signals given by (2.2) is as follows (/0):

r(t) = 1.(t) cos(w,t) — 15(t) sin(w,t),
7.(t) = Xie(t —t;, a; ) cos(P; — wety), 24

rs(t) = Yie(t — ti, a; ) sin(g; — wcty). (2.5)

Furthermore, we will assume that the envelope can
be described by (10,14):

e(t—t,a;) = a;(t—t)™ult —t), (2.6)

where u(?) is the unit step function; ¢,, a;, and ¢, are
respectively assumed to be independent random
variables with probability density functions uniform in
[0, 2%), f.(a)=f.(-a), and the Poisson process; and v is a
parameter determined by the characteristics of the area
of propagation.

For 0 < v <0.5, research has shown that the sample
power spectrum S(f) with regard to r.(2) or r(2) exists
and follows a 1/f” -type behavior with f=2(1-v) (14), as
described by

S(f) = AE[a®Ir'2(B/2)(2rf) 7P, 2.7)

where I'(-) is the gamma function (/5), and Efa’]
denotes the expected value of the square of the random
amplitude a.

Let [r(®)| = r2(t) +r2(t) be the envelope of
the backscattered signal. The power spectrum of the
envelope was derived and has been shown to take a
power-law form with exponent f,,, based on numerical
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evaluation (9).

In-phase and quadrature components can
presumably be obtained from actual data r(?) using a
Hilbert transform as follows (9).

7.(t) = cos(w.t) r(t) + sin(w,t) 7(t) (2.8)

1:(t) = cos(w,t) 7(t) + sin(w.t) r(t) (2.9)

where 7(t) is the Hilbert transform of 7(?). The envelope
is obtained by

[r (@] = V& (®) + (0.

The above calculation requires the center frequency
. of the ultrasound wave. The center frequency
changes as the ultrasound wave propagates, and the
exact value is not known. Therefore, the following
method has been proposed (9).

(2.10)

5. = o LSS

€T [Swpar’ 2.11)

Here, S,,(f) denotes the periodogram of the modulated
ultrasound signal.

When applying the PLSN model to an actual
ultrasound image, the reflected ultrasound signal »(?)
observed from the probe corresponds to the pixel values
on the ultrasound signal path shown in Figure 1. The
power spectrum can be obtained by calculating each
component based on Equations 2.8-11 and performing a
fast Fourier transform.

2.2. Calculation of scaling factors from ultrasound
images of the liver

There are three steps in obtaining the scaling factor from
the ultrasound image of the liver based on the PLSN
model. The first step is the transformation of ultrasound
images of the liver and the identification of reflected
ultrasound signals. The second step is to calculate the
power spectrum of reflected ultrasound signals and

Power spectral density

to determine scaling factors from the power spectrum
following the power law.

In the first step, to obtain the scaling factor based on
the PLSN model, the reflected ultrasound signal has to
be obtained from the region of propagation. This signal
is a signal reflected back to the probe, and the pixel
value on the ultrasound image represents the signal as
shown in Figure 1. In the previous study that applied
the PLSN to ultrasound images of the breast, the path
of this reflected signal was in the vertical direction of
the image, but in the ultrasound image of the liver, it
radiates out from the top of image as shown in Figure
1. In order to determine the radial ultrasound signal, the
signal is transformed vertically using piecewise affine
transformation as shown in Figure 2. The scikit-image
library is used for implementation (/6). Specifically, the
eight points in Figure 2 are correspondingly converted
with piecewise affine transformation. The vertical pixel
values of the transformed image are used as the reflected
ultrasound signal 7(2) to calculate the scaling factor from
step 2 onward.

In the second step, the vertical component is the
ultrasound signal r(?), and the cos component r,(?), sin
component r(?), and envelope component |7(z)| of the
ultrasound signal are calculated based on Equations
2.8-11. The power spectrum is calculated using the
periodogram implemented by scipy (/7) for these
three components. Next, for each power spectrum and
frequency, the logarithm is calculated. The slope is
determined using linear regression provided by scikit-
learn (/8), and this is used as the scaling factor. A sample
calculation based on the above is shown in Figure 3. In
Figure 3, 300 pixels of continuous data in the direction
of the y-axis are identified from the converted ultrasound
image as the reflected ultrasound signal r(?), and the
power spectrum of the cos component, sin component,
and envelope component are calculated and shown in
a log-log graph. The slope of the graph is the scaling
factor. Figure 3 shows that each component can be
plotted as a straight line, although there is a lot of noise

— cos signal
sin signal
— envelope

104 10° Frequency (Hz)

Figure 1. Power spectrum of the reflected ultrasound signal r(?) in ultrasound images of the liver incorporating a power-law shot noise
model. The power spectrum was calculated for the cos component, sin component, and envelope of the signal.
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Figure 2. Ultrasound image of the liver transformed by piecewise affine transformation. The direction of signal propagation is unified

vertically so that PLSN can be applied to the entire image.

Power spectral density

— cos signal
- sin signal
—— envelope

104 10°  Frequency (Hz)

Figure 3. Example of the power spectrum for an image after application of a piecewise affine transformation.

at low and high frequencies, indicating that the power
law is obeyed.

2.3. Evaluation of the possibility of distinguishing
structures using scaling factors

This section will examine the possibility of
distinguishing structures in the liver using scaling factors
calculated from actual ultrasound images of the liver. In a
previous study, the PLSN model was used to distinguish
between cancer tissue and normal breast tissue. Unlike
the breast, the liver can contain a tumor as well as the
liver parenchyma many blood vessels and other organs.
Therefore, the PLSN model has been applied to actual
sample data and the frequency characteristics and
scaling factors of the calculated reflected waves have
been compared. The sample data was from the region
indicated in Figure 4 using 3 images including liver
cancer and blood vessels. All of the regions were cropped
with a width of 50, and 50 reflected ultrasound signals
r(t) were included within the region. For each of the 50
signals, the scaling factors for the cos component r,(2),
sin component r,(¢), and envelope component |r(?)| were
calculated, and the average of the 50 signals is shown in
the Table 1. This study was approved by the institutional
review board of the Graduate School of Medicine and

Faculty of Medicine, The University of Tokyo (no.
2019166NI), and informed consent was obtained in the
form of an opt-out on the website. All data were obtained
from ultrasound images taken during an intraoperative
ultrasound as part of liver cancer screening. All images
used in this study were obtained from three patients with
liver cancer and two donors with normal livers.

A comparison of the scaling factors for the cos and
sin signals of the liver parenchyma in Table 1 to the
scaling factors of other structures reveals that the liver
parenchyma and other structures can be distinguished
with a scaling factor less than 1.8. In contrast, tumors
and blood vessels are difficult to distinguish with a
scaling factor of 1.8 or higher. The large standard
deviation indicates that the scaling factor obtained varies
depending on the location of its acquisition.

2.4. A deep neural network model for ultrasound image
classification using a scaling factor map

As shown in 2.3, the scaling factors obtained from
the PLSN model were found to have some utility as
discriminative indices. However, the scaling factors
obtained vary greatly depending on the position,
precluding their use alone to identify tumors and blood
vessels. Therefore, a scaling factor map was generated
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(B)

D Liver parenchyma

E Blood vessel
D Tumor

Figure 4. Regions of the liver parenchyma, blood vessels, and a tumor for scaling factor comparisons using the PLSN model. Vertical
pixel information within each rectangle is used for comparison. Each region contains 50 ultrasound signals.

Table 1. Average of scaling factors calculated for the liver parenchyma, blood vessels, and tumors

Scaling factor

Structure - —
cos signal sin signal envelope

Blood vessel (A) 2.75+0.83 2.11+0.49 1.84+0.55
Blood vessel (B) 2.21+0.87 2.19+0.84 2.34+0.89
Tumor (A) 2.06 £ 0.66 1.93+£0.87 2.26+0.47
Tumor (B) 1.94+£0.70 1.97 £ 0.63 2.00 +0.26
Tumor (C) 2.28+£0.55 2.09 +0.55 1.88+0.41
Liver parenchyma (A) 1.32+0.87 0.99 £0.56 1.28+0.23
Liver parenchyma (B) 1.77 £ 0.67 1.36 +0.67 2.12+0.39
Liver parenchyma (C) 1.72+0.68 1.69 + 0.67 1.28 +0.30

from ultrasound images in which local scaling factors
were calculated for each coordinate. Proposed here is a
model in which this scaling factor map and ultrasound
images are combined to classify structures in the liver.

The scaling factor map is generated based
on ultrasound images with the piecewise affine
transformation described in 2.2. Let r;; be the pixel
value at coordinate (7,j). The scaling factors for the
cos component 7.(t), sin component 7,(z), and envelope
component |r(z)| are calculated using the value of 7;; to
7«1 as the ultrasound signal r,;(¢), where T is the size
of the clipping window. Each calculated scaling factor
is used as a new pixel value (B, B Beomeiops) at (i,j). Let
the size of the original ultrasound image be W x H.
The scaling factor map is generated by performing this
calculation in the region W x H - T. A sample generated
by this process is shown in Figure 5.

Image classification is accomplished by training an
image classification deep neural network with both the
scaling factor map obtained as described above and an
original ultrasound image of size W x H - T. ResNet-50

(/9) has been used as the model of the deep neural
network since it has exhibited excellent performance for
the image classification involving 100 classes, known
as CIFAR-100 (20). While ResNet-50 normally learns
from normal images (images consisting of three types
of information RGB: red, green, and blue), the proposed
method uses 5 channels of RGB plus cos scaling factor
B..s and envelope scaling factor f,,,.,,.- The reason why
the sin component is not used here is that theoretically,
the sin scaling factor f,;, and scaling factor f,,, are the
same value, and the more information input in the neural
network model, the more likely it is to become noise. The
structure of the constructed model is shown in Figure 6.
ResNet-50 is implemented using a model provided by
PyTorch (21). A transfer learning method that utilizes a
model that has previously been trained with CIFAR-100
in used during training. In this instance, the input layer
is discarded because the learning model has 3 channels
of RGB information in the input layer; the current model
has been changed to receive 5 channels of information.
Adam is used for learning, and a cross-entropy loss
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T Calculate the scale factor for each pixel
as the ultrasound signal length T

Figure 5. Conversion of an ultrasound image to a scaling factor map with a crop window size of 7=40. The scaling factor map depicts the
scaling factors for the cos, sin, and envelope components as a three-color image.

Ultrasound image

Resnet

e s RO

Scale coefficient map

Classification
—
r— Tumor

- Inferior vena cava
_— Descending aorta

= Gleason sheath

™~ Hepatic vein

— Small blood vessels

Figure 6. Configuration of a neural network for classification of structures in the liver, using ResNet-50 as a base model to identify
features from the input ultrasound images and scaling factor maps. In the output layer, a feedforward neural network is used to predict 6

types of structures.

function is used as the loss function for classification.

2.5. Training and evaluation data from ultrasound images
of the liver

To provide training and evaluation data for the proposed
model, six types of structures in ultrasound images of the
liver were labeled by an experienced physician based on
the data described in 2.3: a tumor, the inferior vena cava,
the descending aorta, the Gleason sheath, the hepatic
vein, and small blood vessels. Sample images of the
various structures are shown in Figure 7. For the training
and evaluation data for the classification task, the image
shown in Figure 7 is used instead of the entire image
shown in Figure 5. In the cropped image, the region
containing the structure is identified and only the target
structure is included as much as possible. In addition,
scaling factor maps are also used for learning and
evaluation by cropping the ultrasound images according
to their size. These sets of ultrasound images and scaling
factor maps were obtained for each structure in the liver
and their label information was used as learning and
evaluation data. The training data obtained by the above
method consisted of a total of 3,349 structures, including
251 tumors, 207 inferior vena cavas, 168 descending
aortas, 1269 Gleason sheaths, 1145 hepatic veins, and
309 small blood vessels. Similarly, the data for evaluation

Tumor Inferior vena cava

Gleason sheath

Descending aorta
I m—

Figure 7. Sample images of a tumor, the inferior vena cava, the
descending aorta, the Gleason sheath, the hepatic vein, and small
blood vessels to be used as training and evaluation data. Scaling
factor maps cropped to fit each image size are also used as input
for the neural network.

hepatic veins Smallblood vessel

consisted of a total of 770 structures, including 78 are
tumors, 44 inferior vena cavas, 29 descending aortas, 264
Gleason sheaths, 277 hepatic veins, and 78 small blood
vessels.

3. Results

To evaluate the performance of the proposed
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classification model using scaling factors, the proposed
model was trained using a classification task involving
6 types of structures in the liver using the training data
described in 2.5. The proposed model was compared to
a model trained on ultrasound images alone as input for
the classification task. The evaluation data described
in 2.5 were used to evaluate performance. To prevent
overlearning of the data, noise addition, which is often
used as a general method of data expansion, was used
when training data for both models. The size of the
cropping window 7 for the scaling factor map was
40, batch size during training was 128, total training
epochs was 400, and Adam, a commonly used method
of optimization, was used. Figures 8 show the changes
in accuracy for all labels in each learning epoch. The
performance index was calculated every 10 epochs.

The accuracy in Figure 8 indicates that learning
is calmer after 300 epochs. The mean values of each
performance indicator over 300 to 400 epochs are shown
in Table 2. Table 2 shows that the overall accuracy
decreased by 0.017 when ResNet-50 was compared
to the proposed model. That said, the proposed model
improved the sensitivity by 0.038 and it improved the
F-score by 0.020 while maintaining precision with regard
to tumor identification.

4. Discussion

The results in 2.3 demonstrate that the PLSN model can

=e=Base model =@=Proposed model

OO0 0 0CcCDODDOD0O00D 000000 0D
N < © 0 O N T © OO NT O© 0O NI © 0 O
FFFFF NN NN N M

epoch

Figure 8. Accuracy per 10 epoch for all labels.

be used not only to distinguish cancer tissue from normal
tissue in the breast, as reported in a previous study, but it
can also distinguish between intrahepatic structures and
the liver parenchyma, since the power law was observed
in the ultrasound images of the liver. The scaling factor,
which is expected to be an indicator with which to
distinguish structures, can ecasily distinguish between
the liver parenchyma and other structures (tumors and
blood vessels), but it has difficulty clearly distinguishing
between tumors and blood vessels because of the large
variation in scaling factors depending on the location.
One reason for the large variation is that the power
spectrum of the reflected ultrasound signal calculated
using the PLSN model contains a lot of noise at low
and high frequencies, as shown in Figure 3. The scaling
factor is the slope of the power spectrum, and its value is
presumably greatly affected by noise. Due to this noise,
there is a large standard deviation in the scaling factor
for the same structure based on the ultrasound signal
even though the regions used for verification in 2.3 were
selected so that they all consisted of a single structure (a
tumor, a blood vessel, or the liver parenchyma).

Since distinguishing between structures in the liver is
difficult using scaling factors alone, a predictive model
was constructed in 2.4 using a combination of ultrasound
images and the scaling factor map. Its effectiveness was
examined in 3, and the proposed model improved the
sensitivity for a tumor, but the overall accuracy was lower
than when only image data were used. The inclusion of
a scaling factor improved sensitivity by 3.8% and the
F-score by 2.0% for a tumor, and it improved precision
by 6.7% and F-score by 2.8% for the inferior vena cava.
For the descending aorta and Gleason sheath, precision
and sensitivity improved but F-scores decreased. For
the hepatic vein and small blood vessels, both precision
and sensitivity and F-scores decreased. The detection of
tumors is particularly important in ultrasonography. In
this respect, the proposed model with scaling factors was
effective at identifying intrahepatic tumors. Structures (a
tumor, the inferior vena cava, the descending aorta, and
the Gleason sheath) that were identified with increased
precision or sensitivity had several features in common:
they were circular in shape and larger than the hepatic

Table 2. Overall mean accuracy and precision, sensitivity, and F-score per epoch for each label averaged over 300 to 400
epochs. Superior values from the two models are shown in bold. The proposed model had improved tumor sensitivity

while maintaining precision

Base model Proposed model
Opverall accuracy 0.789 0.772
Precision Sensitivity F-score Precision Sensitivity F-score

Tumor 0.951 0.879 0913 0.951 0.917 0.933
Inferior vena cava 0.879 0.980 0.925 0.946 0.961 0.953
Descending aorta 0.936 1.000 0.966 0.960 0.952 0.955
Gleason sheath 0.808 0.769 0.787 0.745 0.816 0.777
Hepatic vein 0.740 0.810 0.773 0.768 0.737 0.748
Small blood vessel 0.646 0.506 0.561 0.555 0.423 0.462
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vein and small vessels. Currently, scaling factors are
calculated by identifying ultrasound signals with a
fixed length of 40 px in the vertical direction. When the
structure is small, and especially when it has a short y-axis
like the hepatic vein, the signal propagating through the
structure and also the signal from the liver parenchyma
and other structures are identified and the scaling factor
is calculated, which adversely affects classification.
Therefore, use of a particular method of ultrasound signal
identification depending on the region would allow
the exclusion of regions with different scaling factors
during classification. Object detection models such as
Faster R-CNN (22), Mask R-CNN (23), and YOLO
(24) could be used to select the region. In fact, several
studies have examined the detection of tumors in regions
of ultrasound images (25,26), and a combination of
this approach and scaling factors could further improve
classification sensitivity with regard to tumors.

The PLSN model had previously been validated
only for ultrasound images of breast cancer. However,
the current study tested whether the PLSN model is
also valid for ultrasound images of liver tumors. Results
indicated that the liver parenchyma and other structures
(tumor and blood vessels) can be distinguished based
on the scaling factors calculated using the PLSN model.
In addition, a classification model was proposed in
which the scaling factor map is combined with a deep
learning model to further distinguish intrahepatic
structures. Validation with six types of structures (a
tumor, the inferior vena cava, the descending aorta,
the Gleason sheath, the hepatic vein, and small blood
vessels) indicated that the sensitivity of tumor detection
improved.

Funding: This study was supported by the Japan Society
for the Promotion of Science (JSPS) KAKENHI Grant
20K20492 (Kumiko TANAKA-Ishii and Yu Chen).

Conflict of Interest. The authors have no conflicts of
interest to disclose.

References

1. Bouchaud JP. Power laws in economics and finance: Some
ideas from physics. Quant. Finance. 2001; 1:105-112.

2. Gabaix X. Power laws in economics and finance. Annu.
Rev. Econ. 2009; 1:255-293.

3. Gabaix X. Power laws in economics: An introduction. J
Econ Perspect. 2016; 30:185-205.

4.  Kokudo N, Takemura N, Hasegawa K, Takayama T,
Kubo S, Shimada M, et al. Clinical practice guidelines
for hepatocellular carcinoma: The Japan Society of
Hepatology 2017 (4th JSH-HCC guidelines) 2019 update.
Hepatol Res. 2019; 49:1109-1113.

5. Qi X, YiF, Zhang L, Chen Y, Pi Y, Chen Y, Pi
Y, Chen Y, Guo J, Wang J, Guo Q, Li J, Chen Y,
Lv Q, Yi Z. Computer-aided diagnosis of breast
cancer in ultrasonography images by deep learning.
Neurocomputing. 2022; 472:152-165.

10.

11.

12.

13.

17.

19.

20.

21.

22.

Yi J, Kang HK, Kwon JH, Kim KS, Park MH, Seong
YK, Kim DW, Ahn B, Ha K, Lee J, Hah Z, Bang WC.
Technology trends and applications of deep learning
in ultrasonography: image quality enhancement,
diagnostic support, and improving workflow efficiency.
Ultrasonography. 2021; 40:7-22.

Ozaki J, Fujioka T, Yamaga E, Hayashi A, Kujiraoka Y,
Imokawa T, Takahashi K, Okawa S, Yashima Y, Mori M,
Kubota K, Oda G, Nakagawa T, Tateishi U. Deep learning
method with a convolutional neural network for image
classification of normal and metastatic axillary lymph
nodes on breast ultrasonography. Jpn J Radiol. 2022;
40:814-822.

Petropulu AP, Golas T, Vishwanathan G. Power-law
shot noise and its application on modeling of ultrasound
echoes. In: Proceedings of the IEEE-SP International
Symposium on Time-Frequency and Time-Scale Analysis.
1998; 193-196.

Kutay MA, Petropulu AP, Piccoli CW. On modeling
biomedical ultrasound RF echoes using a power-law
shot-noise model. IEEE Trans Ultrason Ferroelectr Freq
Control. 2001; 48:953-968.

Kutay MA, Petropulu AP, Piccoli CW. Breast tissue
characterization based on modeling of ultrasonic echoes
using the power-law shot noise model. Pattern Recognit
Lett. 2003; 24:741-756.

Wagner RF, Insana MF, Brown DG. Unified approach
to the detection and classification of speckle texture in
diagnostic ultrasound. Opt Eng. 1986; 25:256738-256738.
Sleefe GE, Lele PP. Tissue characterization based on
scatterer number density estimation. IEEE Trans Ultrason
Ferroelectr Freq Control. 1988; 35:749-757.

Chen JF, Zagzebski JA, Madsen EL. Non-Gaussian versus
non-Rayleigh statistical properties of ultrasound echo
signals. IEEE Trans Ultrason Ferroelectr Freq Control.
1994; 41:435-440.

Lowen SB, Teich MC. Power-law shot noise. IEEE Trans
Inf Theory. 1990; 36:1302-1318.

Zwillinger D. 12 - Fourier, Laplace, and Mellin
transforms. In: Table of Integrals, Series, and Products
(Moll V, Gradshteyn IS, Ryzhik IM, eds.). Boston, 2014;
pp. 1077-103.

scikit-image, Piecewise Affine Transformation — skimage
v0.20.0.dev0 docs. https://scikit-image.org/docs/dev/auto
examples/transform/plot_piecewise_affine.html (Accessed
March 12, 2023).

SciPy. scipy.signal.periodogram — SciPy v1.8.0 Manual.
https://docs.scipy.org/doc/scipy/reference/generated/scipy.
signal.periodogram.html (Accessed March 12, 2023).
Scikit-learn. sklearn.linear model.LinearRegression.
https://scikit-learn.org/1.2/modules/generated/sklearn.
linear_model.LinearRegression.html (Accessed March 12,
2023).

He K, Zhang X, Ren S, Sun J. Deep residual learning
for image recognition. In: Proc. IEEE Comput Soc
Conf Comput Vis Pattern Recognit. 2016; 770-778.
doi:10.1109/CVPR.2016.90.

Krizhevsky A, Hinton G, others. Learning multiple layers
of features from tiny images. 2009.

PyTorch. ResNet | PyTorch. https://pytorch.org/hub/
pytorch_vision_resnet/ (Accessed March 12, 2023).

Ren S, He K, Girshick R, Sun J. Faster R-CNN: Towards
real-time object detection with region proposal networks.
IEEE Trans Pattern Anal Mach Intell. 2017; 39:1137-
1149.

www.biosciencetrends.com



BioScience Trends. 2023, 17(2):117-125. 125

23.

24.

25.

26.

He K, Gkioxari G, Dollar P, Girshick R. Mask R-CNN. In:
2017 Proc IEEE Int Conf Comput Vis. 2017; 2980-2988.
Redmon J, Farhadi A. Yolov3: An incremental
improvement. 2018, arXiv preprint. https://doi.
org/10.48550/arXiv.1804.02767

Karako K, Mihara Y, Arita J, Ichida A, Bae SK, Kawaguchi
Y, Ishizawa T, Akamatsu N, Kaneko J, Hasegawa K,
Chen Y. Automated liver tumor detection in abdominal
ultrasonography with a modified faster region-based
convolutional neural networks (Faster R-CNN) architecture.
Hepatobiliary Surg Nutr. 2022; 11:675-683.

Nakashima T, Tsutsumi I, Takami H, Doman K, Mekada Y,
Nishida N, Kudo M. A study on liver tumor detection from
an ultrasound image using deep learning. Proceedings of

the SPIE. 2020; 11515.

Received March 7, 2023; Revised March 31, 2023; Accepted
April 5,2023

*Address correspondence to:

Yu Chen, Department of Human and Engineered Environmental
Studies, Graduate School of Frontier Sciences, The University
of Tokyo, 5-1-5 Kashiwanoha, Kashiwa Chiba 227-8568,
Japan.

E-mail: chen@edu.k.u-tokyo.ac.jp

Released online in J-STAGE as advance publication April 13,
2023.

www.biosciencetrends.com



126

BioScience Trends. 2023, 17(2):126-135.

Original Article

DOI: 10.5582/bst.2023.01022

Interaction with ERpS7 is required for progranulin protection
against Type 2 Gaucher disease

Yuzhao Liu1’2’§, Xiangli Zhaol’§, Jinlong Jian', Sadaf Hasan', Chuanju Liu"**

' Department of Orthopaedic Surgery, New York University Grossman School of Medicine, New York, New York, USA;
*Department of Endocrinology, the Affiliated Hospital of Qingdao University, Qingdao, China;
* Department of Cell Biology, New York University Grossman School of Medicine, New York, New York, USA.

SUMMARY

Keywords

Gaucher disease (GD), one of the most common lysosomal storage diseases, is caused by GBA/
mutations resulting in defective glucocerebrosidase (GCase) and consequent accumulation of its
substrates -glucosylceramide (B-GlcCer). We reported progranulin (PGRN), a secretary growth factor-
like molecule and an intracellular lysosomal protein was a crucial co-factor of GCase. PGRN binds to
GCase and recruits Heat Shock Protein 70 (Hsp70) to GCase through its C-terminal Granulin (Grn)
E domain, termed as ND7. In addition, both PGRN and ND7 are therapeutic against GD. Herein we
found that both PGRN and its derived ND7 still displayed significant protective effects against GD in
Hsp70 deficient cells. To delineate the molecular mechanisms underlying PGRN's Hsp70-independent
regulation of GD, we performed a biochemical co-purification and mass spectrometry with His-tagged
PGRN and His-tagged ND7 in Hsp70 deficient cells, which led to the identification of ERp57, also
referred to as protein disulfide isomerase A3 (PDIA3), as a protein that binds to both PGRN and ND7.
Within type 2 neuropathic GD patient fibroblasts L444P, bearing GBA/ L444P mutation, deletion of
ERp57 largely abolished the therapeutic effects of PGRN and ND7, as manifested by loss of effects
on lysosomal storage, GCase activity, and B-GlcCer accumulation. Additionally, recombinant ERp57
effectively restored the therapeutic effects of PGRN and ND7 in ERp57 knockout L.444P fibroblasts.
Collectively, this study reports ERp57 as a previously unrecognized binding partner of PGRN that
contributes to PGRN regulation of GD.

progranulin, ERp57, granulin E, GCase, Gaucher disease

1. Introduction

Gaucher disease (GD), one of the most common
lysosomal storage diseases (LSDs), is caused by
mutations in GBA encoding GCase, which is responsible
for the degradation of its substrate glucosylceramide
(GCase) (1,2). The accumulated substrates in lysosomes
lead to dysfunction of lysosomes in indicative organs
(3,4). GD is divided into three types based on its
clinical presentations (5,6). Type 1 non-neuropathic
GD accounts for over 90% of GD patients and mainly
involves macrophages of peripheral systems; patients
have symptoms of anemia, bleeding, osteoporosis, and
bone pain, as well as hepatosplenomegaly. Type 2 and
3, which are rare neuropathic types accounting for less
than 10% of patients, affect the central nervous system
as well as peripheral symptoms. Type 2 is rapidly
progressive, and patients usually die before 3 years-
old, while type 3 patients live to adulthood with slowly
progressive neurological involvement (7,8). Currently,

enzyme replacement therapy (ERT) is available as
effective treatment for non-neuropathic GD. ERT offsets
low levels of GCase enzyme with a modified version of
the enzyme. However, ERT is very expensive (around
$350,000/year/patient) and not effective for all patients
(9,10). In addition, substrate reduction therapy (SRT)
drugs have similarly shown clinical improvement in
visceral disease parameters but have no therapeutic
utility for treating neuropathic GD, because they
cannot penetrate the blood-brain barrier (BBB) and are
ineffective for treating neuropathic GD (nGD) (/1,12).
Clinical symptoms may have many variations among
patients carrying the same GBA/ mutations, ranging from
a life-threatening manifestation to nearly asymptomatic
manifestations (/3,/4), suggesting the presence of GCase
co-factor(s) whose deficiency/mutations may contribute
the diverse clinical manifestations of GD. Indeed, we
previously reported that ovalbumin (OVA)-challenged
progranulin (PGRN) deficient mice developed GD-like
phenotypes, including Gaucher cells and tubular-like
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lysosomes (/5). PGRN is a multi-faceted glycoprotein
with a unique "beads-on-a-string" structure (/6-18).
PGRN can function both extracellular as a growth
factor like molecule and intracellular as a critical
lysosomal protein (/9-25). Growing evidence revealed
the association of PGRN with several lysosomal storage
diseases, such as GD and Tay-Sachs disease (/5,26,27).
We found that PGRN bound to GCase and recruited
Hsp70 to GCase through its Grn E domain (/5,28). In
addition, PGRN deficiency impairs the autophagy in
GD (29). Furthermore, PGRN and its derived ND7, the
C-terminal 98 amino acid fragment of PGRN bearing
Grn E domain, could ameliorate the GD phenotypes in
OVA-challenged PGRN deficient mice and GD patient
fibroblasts (28). In addition, ND7 could cross BBB and
effectively ameliorated the nGD manifestations in GD
mouse models (30).

In the current study, we found that PGRN and ND7
still exhibit therapeutic effects against GD in Hsp70
knockout (KO) cells. We then sought to investigate the
underlying mechanisms of PGRN regulation of GD in
Hsp70-independent manner. Through mass spectrum
(MS) and co-immunoprecipitation screening, we
identified ERp57, also called protein disulfide isomerase
A3 (PDIA3), is a novel binding component for both
PGRN and ND7. Additionally, ERp57 deficiency
abolished the therapeutic effects of PGRN and ND7, and
recombinant ERp57 rescued PGRN and ND7's effects in
ERp57 deficient type 2 GD patient fibroblasts.

2. Materials and Methods
2.1. Cells and Antibodies

Fibroblasts of WT and type 2 GD patients were obtained
from Cornell Cel Repositories (Camden, NJ, USA).
Antibodies targeted for GFP (s¢-9996), His-tag (sc-
57598), and GAPDH (sc-25778) were all purchased from
Santa Cruz Biotechnology (Dallas, TX USA). PCDGF
antibody (40-3400) was procured from Invitrogen
(Waltham, MA, USA). ERp57 antibody (G117) was
procured from Cell Signaling Technology (Danvers, MA,
USA). All fluorescence-labeled secondary antibodies
used in these experiments were purchased from Jackson
Immuno Research Laboratories (West Grove, PA, USA).
The substrate 4-Methylumbelliferyl p-D-glucopyranoside
(4-MUG, M3633) was acquired from Sigma-Aldrich
(Natick, MA, USA). The dye, LysoTracker Red
DND99 (L7528), and both resins, Pierce High-Capacity
Endotoxin Removal Resin (2,162,373.3) and HisPur™
Ni—-NTA Resin (88,221), were all purchased from
Thermo Fisher Scientific (Bridgewater, NJ, USA). The
fluorescent stain, DAPI (H-1200), was acquired from
VECTOR Laborato-ries (Burlingame, CA, USA). As
delineated previously, the purified recombinant His-tag-
PGRN protein was collected from HEK293T stable cell
lines (30). Fetal bovine serum (FBS, 16,000-044) as well

as the Dulbecco's modified Eagle's medium (DMEM;
11,965-118) were both acquired from Gibco-BRL
(Waltham, MA, USA).

2.2. Cell culture

Type 2 patient fibroblasts (GM08760) with the GBA!
genotype, L444P/L444P, were acquired from Cornell
Cell Repositories (Camden, NJ, USA). HEK293T cells
and L444P fibroblasts were both cultured within DMEM
that is supplemented with 1% penicillin-streptomycin
and 10% FBS.

2.3. Generation of ERp57 knockout cell lines using
Clustered Regularly Interspaced Short PalindromicRepeats
Cas-9 (CRISPR-Cas9)

The CRISPR-Cas9 genome editing technology was
implemented for the deletion of ERp57 gene. The
sgRNA (5CCGACGTGCTAGAACTCACG3’) targeting
the human PDIA3 genomic sequence was sub-cloned
into a lentiCRISPR lentiviral plasmid following the
provided protocol (Addgene, 49,535; Dr. Feng Zhang's
CRISPR Depositing Lab). Preparation of the lentivirus
involved cloning human ERp57 small guided (sg) RNA
into lentiCRISPR plasmids followed by their transfection
into HEK293 cells, which were co-transfected with both
psPAX3 and pMD2.G lentiviral packaging plasmids.
Following its assembly in HEK293T cells, the lentivirus
produced was used to infect GD fibroblasts L444P, and
individual clones were generated with drug selection
(Puromycin 0.5 pg/mL) for 5-7 days. To analyze the
ERp57 knockout deficiency within these selected cells,
western blotting was utilized.

2.4. Western blotting

SDS-PAGE was used to separate protein samples. After
gel electrophoresis, these samples were then transferred
onto a nitrocellulose membrane. Upon completion
of the transfer, the membrane was blocked with 5%
nonfat milk for 1 h to prevent non-specific binding.
After the hour, primary antibody was used to probe the
membrane overnight at 4°C. The next day, Tris Buffered
Saline, with Tween® 20, pH 8.0 (TBST) was used to
wash the membrane before incubating the membrane
with the secondary antibody. Incubation was for 1 h at
room temperature with intermittent washing by TBST.
In order to develop the bands on the membrane, ECL
Prime Western Blotting Detection Reagent was used for
visualization (Amersham, Pittsburge, PA, USA).

2.5. Preparation of lipid extraction
Mouse brain tissues were obtained and served as a source

of a lipid mixture. Under sterile conditions, one mouse
brain was briefly dissected. Next, 50 mL of Phosphate-
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Buffered Saline (PBS) was used to homogenize the
collected brain tissues. Finally, the protein level within in
the brain lysates were determined using a bicinchoninic
acid assay.

2.6. LysoTracker assay

WT or type 2 GD L444P patient fibroblasts were cultured
on Black-clear bottom 96-well microplate and challenged
with lipid lysis (50 pg/mL) plus PBS, ND7, or PGRN
for 24 h. The next day, fresh medium containing 300
nM LysoTracker” Red was added for 1 h. The cells were
washed with PBS. The fluorescence intensity was read
by the plate reader at excitation/emission of 647/668
nm, or the live images were taken by fluorescence
microscopy.

2.7. GCase activity assay

GCase enzyme activity in indicated cell lysate was
determined fluorometrically with 4-methylumberlliferyl-
B-D-glucopyranoside (4MU-GlIc) in the presence of the
GCase irreversible inhibitor, Conduritol B epoxide (CBE,
2 mM, Millipore, Bedford, MD) as previously described
(31). Briefly, cell pellets were lysed with lysis buffer and
protein concentrations of cell lysate were determined by
BCA assay using BSA for normalization. GCase activity
was determined by 4MU-Glc as substrate in 0.25%Tc/
Tx diluted in 0.1 M citrate phosphate (CP) buffer (pH
5.6). The GCase-specific activity was calculated by
subtracting background activity (with CBE) from total
activity (without CBE) and normalized to total protein.

2.8. Preparation of recombinant PGRN

Generation of our recombinant PGRN stable cell line and
purification of recombinant PGRN has been described
in our previous publication (24). In brief, stable cells
were cultured in DMEM that contained 1 mg/mL G418.
PGRN was affinity-purified from the medium of starved
cells by using nickel nitrilotriacetic-agarose. The purity
of recombinant PGRN was determined by SDS-PAGE.

2.9. Expression and purification of ND7

The sequence encoding ND7, the Grn E, was inserted
into the pD444 expression vector with a 6xHis-tag
(DNAZ2.0, Menlo Park, CA) as described (28). ND7 was
expressed in the BL21(DE3) Escherichia coli strain.
Three hours after induction by 1 mM IPTG, E. coli
cells were pelleted and sonicated to release the fusion
protein. 6xHis-tagged ND7 was purified using His-Select
Nickel Affinity Gel (Sigma-Aldrich, Natick, MA, USA).
Briefly, E. coli cell lysate was incubated with affinity
beads overnight and washed with washing buffer (50
mM NaH,PO4, 200 mM NaCl, 50 mM imidazole, pH
8.0) five times. ND7 was eluted from beads with elution

buffer (50 mM NaH,PO4, 200 mM NacCl, 250 mM
imidazole, pH 8.0). After dialysis with PBS, endotoxin
removal using Pierce High-Capacity Endotoxin Removal
Resin (Cat. No. 2162373.3) (Thermo Fisher Scientific,
Bridgewater, NJ, USA), and 0.2-um filter sterilization,
recombinant ND7 protein was ready to use.

2.10. Construction of expression plasmids

cDNAs encoding either full-length human PGRN or its
C-terminal Grn E domain were cloned into pEGFP-N1
vectors by using EcoRI and BamHI restriction sites. The
construct were confrmed by DNA sequence.

2.11. Solid phase binding

First, 1 pg/mL ERp57 or BSA was coated to the
plate. Then biotin-labeled BSA, PGRN, or ND7 with
differing doses (0, 1, 2, 5 pg/mL) were added as bait, or
recombinant ERp57 with different dose (0.2, 0.5, 1, 2,
4 pg/mL) were used as bait and 1 pg/mL recombinant
PGRN or BSA was used as coating protein. These
steps were followed by the addition of HRP-labeled
Streptavidin and its substrates. After washing to remove
the unbound streptavidin-HRP, 100 uL TMB was added
to each well for 30 min in the dark followed by adding
100 pL stop solution to each well. The plate was read
using an automatic plate reader at 450 nm.

2.12. Immunoprecipitation

Plasmids of GFP-tagged PGRN, its C-terminal Grn E
domain, or GFP-vector, were transfected in HEK293T
cells over 48 h. Cells were lysed by RIPA lysis,
and a total of 1 mg protein was used to conduct co-
immunoprecipitation (Co-IP) in each sample. Anti-GFP
antibody was used to perform immunoprecipitation, and
ERp57 antibody was used to probe the protein complex.

2.13. Immunofluorescence staining and confocal
microscope

Fixation of culture cells was performed using 4%
paraformaldehyde for 10 min, which was followed
by PBS wash. Next, 0.1% Triton X-100 was used
for permeabilization, then 2% normal BSA was
used to block the cells for 1 h, and finally, the cells
were incubated with primary antibodies overnight at
4°C. On following day, PBS was used to wash cell
coverslips, which were then incubated with the indicated
fluorescence-labeled secondary antibodies at room
temperature for 1 hour. Soon after washing with PBS,
the cell coverslips were secured onto anti-fade medium
that contained DAPI. A Leica TCS SP5 confocal system
was used to capture images, and Image J application was
used to analyze the quantification. Briefly, to analysis the
mean fluorescence intensity of the indicative color of the
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whole image, the image was gray scaled to 8 bit prior to
measurement. In gray scale mode, pixels are associated
with a value between 1 to 255, which represents their
"lightness" and corresponds to the intensity of the
fluorescent signal. Next after setting desired parameters,
including Area, Integrated density and Mean Grey Value
et. al., the measurement can be performed. By default,
measurements are made over the en-tire area of the
currently-selected 2D image slice. The grey value of the
measurement can be export and analyzed.

2.14. Statistical analyses

All statistical analysis was performed using GraphPad
Prism 7 Software. If the data met normal distribution and
the variances were equal, one-way ANOVA was used
for comparison among the multiple treatment. Post-hoc
analysis was performed to determine which groups are
significantly different to one another. Unpaired z-test was
also performed where appropriate. Data are shown as
mean + SD, *p <0.05, **p <0.01, ***p <0.001.

3. Results

3.1. PGRN and ND7 effectively reduced lysosomal
storages in Hsp70 knockout cells

We previously reported that PGRN recruited Hsp70 to
GCase and formed a ternary complex when delivering

Hsp70 KO~ WT

P G F B A
H?0 @ @ & .

E PBS Lipid

Lipid +PGRN Lipid + ND7

GCase to the lysosome through its C-terminal Grn E
domain, termed as ND7 (28). Both PGRN and ND7 are
therapeutic against GD (28). Herein, we treated Hsp70
KO lung epithelium cells (Figure 1A) with lipid, or lipid
plus recombinant PGRN (Figure 1B, C) or ND7 (Figure
1D). The lipid stimulation markedly enhanced the
lysosomal storage in Hsp70 KO cells. To our surprise,
both PGRN and ND7 protein still effectively reduced
lysosomal storage to a basal level without Hsp70 (Figure
1E, F), indicating that Hsp70-independent molecular
mechanisms also play an important role in PGRN/ND7's
therapeutic effects against GD.

3.2. ERp57 was identified as an Hsp70-independent
PGRN- and ND7-binding molecule

Exploring the molecular mechanisms of PGRN's
regulation of GD in an Hsp70-independent manner
promoted us to identify the novel components involved
in PGRN- and ND7-mediated therapeutic effects
against GD. Given that both PGRN and ND7 effectively
prevented lysosomal storage in Hsp70 KO cells (Figure
1), we hypothesized that key protein partners should
be able to bind to both PGRN and ND7 in Hsp70-
independent manner. After adding His-tagged PGRN and
ND7 (5 pg/mL) to Hsp70 KO cells for 24 hours, the cell
lysates were immunoprecipitated by anti-His antibody
(Figure 2A). The bound proteins were identified by mass
spectrum (MS) analysis. Totally, 16 hits were identified
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Figure 1: The effects of PGRN and ND7 on GD fibroblasts is Hsp70-independent. (A) The protein level of Hsp70 in mouse lung epithelium
cells, assayed by western blotting. (B) Diagram of PGRN and ND7 (the 7th N-terminal deletion). PGRN regions were highlighted in yellow,
which include seven and half granulin unit (P, G, F, B, A, C, D, E). The full regions linkers were highlighted in green, and half region (P) linker
was highlighted in light blue, respectively. (C) Expression and characterization of recombinant His tagged-PGRN. His-tagged PGRN protein was
purified from the HEK293 cells expressing His-PGRN using His-Select Nickel Affinity Gel. Purified PGRN was analyzed by Coomassie blue
staining (left) and western blotting with PGRN antibody (right). (D) Expression and characterization of recombinant His tagged-ND7. Purified
ND7 was analyzed by Coomassie blue staining (left) and western blotting with PGRN antibody (right). (E) PGRN and ND7 effectively reduce
lysosomal storage in Hsp70 knockout cells. Hsp70 KO lung epithelium cells were stimulated with lipid lysis and treated with recombinant ND7
(5 pg/mL) or PGRN (10 pg/mL) for 24 h, PBS served as control. The cells were stained with LysoTracker Red. The live fluorescence microscopy
imaging was taken using fluorescence microscope. (F) The quantification analysis of the mean florescence intensity E. Data are shown as mean +
SD of 3 independent experiments. One-way ANOVA tests. *, p<0.05, **, p<0.01. Scale bar=100 pm.

www.biosciencetrends.com



130 BioScience Trends. 2023; 17(2):126-135.

that specifically bound to both PGRN and ND7. Among
the 16 hits, 7 hits were sequences related to the antibody;
only 9 hits are functional proteins (Figure 2B). Among
these 9 hits, identification of TCP-1 and Arpc4, two
known PGRN-binding proteins (28), validated the
technique. In addition, several RNA-binding proteins,
including Sfpq, eif-4, Luc71, Alyref, Tufm, and Arglul
were also identified as co-binding partners for PGRN and
ND7 (Figure 2B). First within the protein ranking was
PDIA3, which is also known as ERp57, an isomerase
known to be critical for protein folding by promoting
formation of disulfide bonds (32).

Solid phase binding assay demonstrated saturation of
ERp57 binding to PGRN and ND7 (Figure 3A, B). Co-
immunoprecipitation (Co-IP) further demonstrated the
interaction between endogenous PGRN and ERp57 in
L444P (Figure 3C). In addition, we used Nickel beads to
pull down His-tagged PGRN, and then the precipitated
His-tagged PGRN complex was immunoblotted onto
a nitrocellulose membrane followed by detection with
antibodies against ERp57. As shown in Figure 3D,
ERp57 was co-purified with PGRN, further revealing the
physical interaction between PGRN and ERp57.

3.3. Loss of ERp57 abolished PGRN- and its derivative
ND7-mediated therapeutic effects in type 2 GD
fibroblasts

Given that ERp57 is critical for promoting the formation
of disulfide bonds in their glycoprotein substrates,
both PGRN and ND7 are very rich in cysteine, and
that ERp57 binds to both PGRN and ND?7, these facts
led us to hypothesize that ERp57 is important for
PGRN and ND7's activities through regulating their
cysteine disulfide bonds and conformation. To test

o
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Figure 2: ERpS7 was identified as an Hsp70-independent PGRN-
and ND7-binding molecule. (A) The scheme of the method used to
identify potential molecules involved in PGRN- and ND7-mediated
regulation of GD in Hsp70-independent manner. Immunoprecipitation
was performed with His antibody from His-tagged PGRN and His-
tagged ND7 treated Hsp70 KO mouse lung epithelium cells, followed
by mass spectrometry. PBS treatment was used as a control. (B)
Summary of the mass spectrometry hits that specifically bound to both
PGRN and ND7.

this hypothesis, we deleted the ERp57 gene in type 2
GD fibroblast line GBAI"***" (L444P) using CRISPR/
Cas9 technology (Figure 4A), a powerful genome-
editing approach (33,34). The knockout efficiency of
ERp57 was confirmed using Western blot with anti-
ERp57 antibody (Figure 4B). PGRN and ND7 displayed
significant therapeutic effects in type 2 GD fibroblasts
L444P, including reduced lysosomal storage (Figure
4C, D) and reduced accumulation of GCase substrate
B-GlcCer (Figure 4E, F). However, the deletion of
ERp57 abolished PGRN and ND7-mediated reduction
in lysosomal storage and rescue of GCase activity in
GD patient fibroblasts compared to the significant
reduction of lysosomal storage and increased GCase
activity after PGRN or ND7 treatment in control L444P
fibroblasts (Figure 4G and H). These data indicated that
loss of ERpS57 abolished, at least largely, PGRN- and
its derivative ND7-mediated therapeutic effect in GD
fibroblasts.

3.4. Recombinant ERp57 restored the therapeutic effect
of PGRN and ND7 in ERp57 deficient type 2 GD
fibroblasts

Since ERp57 was identified as a binding partner of
PGRN and ND7, and ERp57 deficiency ablated the
therapeutic effects of PGRN and ND7 in type 2 GD
patient fibroblasts L444P, including abolished their
effects on lysosomal storage and GCase activity, we
next examined whether addition of ERp57 in ERp57
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Figure 3. The identification of interaction between ERp57 and
PGRN/ND7. (A) The interactions between ERp57 and PGRN/ND7,
assayed by solid phase binding. Briefly, 1 pg/mL ERp57 or BSA
was coated to the plate. Then biotin-labeled BSA, PGRN, or ND7
with differing doses (0, 1, 2, 5 ng/mL) were added as bait. (B) The
interactions between ERp57 and PGRN by solid phase binding using
recombinant ERp57 with different dose (0.2, 0.5, 1, 2, 4 pg/mL) as
bait, and 1 pg/mL recombinant PGRN or BSA was used as coating
protein. (C) Co-IP assay was used to examine the binding between
PGRN and ERp57 in vivo. HEK293 cells were transfected with
plasmids encoding GFP-fused full-length PGRN or ND7. The cell
lysates were immunoprecipitated with GFP antibody. The complex was
probed with ERp57 antibody. GFP-fused vector was used as a control.
(D) Examination of the binding between PGRN and ERp57. Proteins
co-purified with His-tagged PGRN were probed with ERp57 antibody.
HEK293 cells transfected with His-tag vector was used as control.
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Figure 4. Deletion of ERp57 blunted the therapeutic effects of ND7 and PGRN in GD patient fibroblasts. (A) Diagram of the CRISPR/Cas9
technique for construction of human ERp57 KO GD type 2 fibroblasts L444P. (B) The levels of ERp57 in ERp57 KO L444P and control L444P
fibroblasts, as-sayed by Western Blotting. (C) The lysosomal content in L444P with or without ND7 and PGRN treatment. L444P fibroblasts were
stimulated with lipid lysis and treated with recombinant ND7 (5 pg/mL) or PGRN (10 pg/mL) for 24 hours. PBS used as control. The cells were
stained with LysoTracker Red. The fluorescence intensity of the LysoTracker Red was determined by the live fluorescence microscopy imaging.
(D) Quantification of mean fluorescence intensity of C analyzed using Image J. (E) The accumulation of B-glucosylceramide (B-GlcCer, green)
in L444P fibroblasts with or without PGRN or ND7 treatment was analyzed by immunofluorescence staining with antibody against f-GlcCer. (F)
Quantification of mean fluorescence intensity of E. (G) The lysosomal content in control or ERp57 KO L444P with or without ND7 and PGRN
treatment. L444P fibroblasts were stimulated with lipid lysis and treated with recombinant ND7 (5 pg/mL) or PGRN (10 pg/mL) for 24 hours.
PBS used as control. The cells were stained with LysoTracker Red. The fluorescence intensity of the LysoTracker Red was determined using
SpectraMax i3x plate reader at excitation/emission of 647/668 nm. (H) The GCase activity in control or ERp57 KO L444P fibroblasts with or
without ND7 and PGRN treatment were assayed by released 4MU-Glc. Data are shown as mean + SD of 3 independent experiments. One-way
ANOVA tests. *, p<0.05, **, p<0.01, ***p<0.001. Scale bar=100 um.
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Figure 5. Recombinant ERpS7 restored the effects of PGRN and ND7 on lysosomal storage in ERp57 KO L444P fibroblasts. (A) The
characterization of recombinant ERp57 (rERp57) by Coomassie blue staining. (B) The endocytosis of rERp57. L444P fibroblasts were treated
with His-tagged rERp57 (2 pg/mL) for 8 hours. The endocytosis of rERpS7 was analyzed by immunofluorescence staining with antibody against
His-probe. PBS was used as control. DAPI was used to stain the nuclei. (C) The lysosomal storage in ERp57 KO L444P. ERp57 KO L444P
fibroblasts were treated with ND7 (5 pg/mL), or PGRN (10 pg/mL), or ND7/PGRN plus rERp57 (0.5 pg/mL or 2 pg/mL) for 24 hours. PBS
and ERp57 (2 pg/mL) were used as controls. The fluorescence intensity of the LysoTracker Red was read using SpectraMax i3x plate reader at
excitation/emission of 647/668 nm. (D) The live fluorescence imaging of lysosomal storage in ERp57 KO L444P fibroblasts with or without
PGRN (10 pg/mL), ND7 (5 pg/mL), PGRN plus rERp57 (2 pg/mL), or ND7 plus rERp57 (2 pg/mL), measured by LysoTracker Red. PBS
used as control. (E) Quantification of mean fluorescence intensity of D. Data are shown as mean + SD of 3 independent experiments. One-way
ANOVA tests. *, p<0.05, **, p<0.01. ns: not significant. Scale bar=100 pm.
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Figure 6. Recombinant ERp57 restored PGRN- and ND7-mediated increase of GCase activity and decrease of B-GlcCer accumulation in
ERp57 KO L444P fibroblasts. (A) The GCase activity in ERpS7 KO L444P with or without ND7 (5 ug/mL) and PGRN (10 pg/mL), or ND7
and PGRN plus rERpS57 (2 pg/mL) for 24 hours. PBS and rErp57 (2 pg/mL) were used as controls. The cell lysate was used to measure the GCase
activity, assayed by released 4MU-Glc. (B) B-GlcCer accumulation in ERp57 KO L444P with or without ND7 (5 ng/mL) and PGRN (10 pg/mL), or
ND7 and PGRN plus rERp57 (2 pg/mL) for 24 hours, analyzed by immunofluorescence staining with antibody against 3-GlcCer. (C) Quantification
of mean fluorescence intensity of B. Data are shown as mean + SD of 3 independent experiments. One-way ANOVA tests. *, p<0.05, **, p<0.01. ns:

not significant. Scale bar=100 pm.

KO L444P fibroblasts could restore PGRN/ND7's
therapeutic effects. For this purpose, recombinant ERp57
(rERp57) (Figure 5A) was used to treated ERp57 KO
L444P fibroblasts. To teste if rERp57 could be taken up
by the cells, ERp57 KO L444P fibroblasts were treated
with His-tagged rERp57 (2 pg/mL) for 8 hours and then
immunofluorescence staining was performed with His-
probe to determine the endocytosis of ERp57. PBS was
used as a control. Figure 5B clearly showed that rERp57
could be taken up by the cells, indicated by the green
signals. In order to determine the optimum working dose
of rERpS57, ERpS7 KO L444P fibroblasts were treated
with PGRN and ND7, or PGRN- and ND7- plus rERp57
at different doses, 0.5 pg/mL and 2 pg/mL, respectively.
We found that PGRN- or ND7- plus high dose of ERp57
(2 pg/mL) significantly decreased the lysosomal storage
in ERp57 KO L444P fibroblasts, while PGRN or ND7
plus the low dose of ERp57 did not show significant
changes compared with PGRN or ND7 treatment groups
(Figure 5C). The high dose of ERp57 (2 pg/mL) is thus
selected as the effective working dose for the further
experiments.

Consequently, 2 ng/mL ERp57 was used to evaluate
its mediation on the therapeutic effects of PGRN and
ND7 in GD fibroblasts. In Figure 5D and E, PGRN
and ND7 treatment could not rescue the lysosomal
storage in ERp57 KO L444P fibroblasts, however, in
the presence of ERp57 (2 pg/mL), both PGRN and
ND7 significantly decreased the lysosomal content
indicated by the fluoresce intensity of LysoTracker Red
(Figure 5D and E). Furthermore, the GCase activity of

ERp57 KO L444P fibroblasts after the treatment with
PGRN or ND7 in the presence or absence of ERp57 was
determined. GCase activity was not restored with PGRN
or ND7 treatment in ERp57 KO L444P fibroblasts in
comparison with that of the PBS control group, while
it was increased significantly with PGRN or ND7
treatment in the presence of ERp57 (2 pg/mL), measured
by the mean fluorescence intensity (MFI) of released
4-methylumbelliferone (Figure 6A). Accordingly, in the
presence of ERp57 (2 pg/mL), PGRN or ND7 treatment
reduced the B-GlcCer accumulation by approximately
50% (Figure 6B and C). Collectively, these data
suggested that ERp57 is crucial for PGRN/ND7's
therapeutic effects in GD fibroblast.

4. Discussion

We previously reported that PGRN is a novel modifier of
GCase in GD (/5). OVA-challenged PGRN deficiency
mice developed typical GD phenotypes (28). Serum
levels of PGRN was significantly lower in GD patients
than in healthy controls (/5). Further study showed
that PGRN directly bound to GCase through its Grn E
domain, acting as a co-chaperone of Hsp70, recruited
Hsp70 to GCase and forms a ternary complex in
the delivery of GCase to lysosome (28). Moreover,
recombinant PGRN and its derived biologic ND7,
which includes the full region of the Grn E domain,
could ameliorate the GD phenotypes in OVA-challenged
PGRN deficient mice and GD patient fibroblasts (28).
Although PGRN bound to GCase through its Grn E
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domain (ND7) and formed a complex with Hsp70, we
unexpectedly found that PGRN and ND?7 still displayed
significant protective effects against GD in Hsp70
deficient cells. The molecular mechanisms underlying
Hsp70-independent promoted us to identify the new
binding partners that may mediate PGRN's and ND7's
therapeutic effects against GD. Through MS and co-
immunoprecipitation analysis et al., ERp57, an enzyme
known to be important in promoting the formation of
disulfide bonds and the protein folding, was identified as
a novel binding partner of both PGRN and its derivative
ND7 (Figure 2 and 3).

ERpS57, also known as PDIA3, is a pleiotropic
member of the protein disulfide isomerase (PDI)
family that has attracted significant attention from
researchers (35). ERp57 is dominantly located in the
endoplasmic reticulum (ER) (36) as well as other
cellular compartments, such as the nucleus and the cell
membrane (37,38). ERp57 is associated with various
of diseases, such as neurological disease (39), cancer
(40), and infectious disease (4/). To determine whether
ERp57 could mediate PGRN/ND7's therapeutic effect in
GD, we measured the GD phenotypes after PGRN and
ND?7 treatment in type 2 GD patient fibroblasts L444P
with or without ERp57. We found that both recombinant
PGRN and ND7 could ameliorate GD phenotypes in
L444P fibroblast (Figure 4), consistent with the previous
report (28). However, these therapeutic effects of PGRN
and ND7 were compromised in ERp57 KO L444P
fibroblasts compared with those of control L444P
fibroblast (Figure 4G, H). ERp57 is an isomerase
enzyme, involved in protein folding, catalyzing the
formation, and critical for remodeling of disulfide bonds
in their glycoprotein substrates (42,43). Both PGRN and
ND7 are rich in cysteine; ERp57 might play a critical
role in PGRN and ND7's activities by regulating their
cysteine disulfide bonds and functional conformation in
GD.

To prove our hypothesis, we analyzed the GD
phenotypes after PGRN/ND7 treatment in the presence
or absence of recombinant ERp57 in ERp57 KO L444P
fibroblast. From Figure 5B, it clearly showed that
rERp57 could be taken up by the cells, accordingly, the
GD phenotypes in ERp57 KO fibroblasts were rescued
after PGRN or ND7 plus rERp57 in comparison with no
ERp57 (Figure 5 and Figure 6). These data supported our
hypothesis that ERp57 play a critical role in mediating
PGRN and ND7's therapeutic effects against GD.

Currently, ERT is mainly available as an effective
treatment for non-neuropathic type 1 GD in clinics.
However, ERT is very expensive and not effective
for all patients, and especially ineffective for treating
neuropathic type 2 and 3 GD patients. Approved SRT
drugs have shown similar clinical improvement in
visceral disease parameters but have no therapeutic
utility for neuropathic GD (9-72). Developing an
alternative treatment for GD, specifically for nGD

is an urgent and unmet medical need. PGRN was
identified as a novel modifier of GCase and involved in
various lysosomal storage disease by previous studies,
especially our recent published paper showed that PGRN
derivative ND7 could penetrate BBB and protect GD
and nGD pathologies in Grn and Gbal double mutant
mice, another new GD mouse mode showing more
severer GD phenotypes compared with the traditional
GD model (27,28,30). Furthermore, PGRN and ND7
also ameliorated the GD phenotypes in both type 1 and
type 2 GD patient fibroblasts (37). The previous study
indicated the promising therapeutic potentials of PGRN
derivative ND7 against GD. Compared with the ERT and
SRT treatment for GD, ND7 showed unique functions,
including BBB penetration, ameliorated GD and nGD
phenotypes, and prevention of the neurodegenerative
markers (30). In addition, the development of peptide-
based drug has more advantages, including high potency,
low cost and potential low toxicity, et al.(44,45). Our
study showed that ERpS57 plays an important role in the
regulation of both PGRN and its derivative ND7, in type
2 neuropathic GD patient fibroblasts. Given that ND7
showed therapeutic effect in different GD animal models,
and type 1 and type 2 GD patient fibroblast, ERp57, the
identification and manipulation of this novel PGRN/ND7
binding partner may lead to innovative therapeutic for
GD and other lysosomal storage diseases.

However, a few limitations to the current study were
also noted. First, ERpS7 mediate-therapeutic effect of
PGRN or ND7 was studied only in type 2 GD patient
fibroblasts, whether this meditation effect is universal
need further study in other types of GD. Second,
multiple does of recombinant ERp57 should be tested
to find out the best working efficiency of ERp57 to
rescue the therapeutic effect of PGRN and ND7 in GD.
Eventually, how ERp57 exert its role once endocytosed
to the cells is unclear in the study. Several hypotheses
can be considered, ERp57 might escape from the
endosomes and interact with PGRN to play the role, or
ERp57 released to lysosome once endosome fused with
lysosome and interact with PGRN in lysosomes. Having
pointed out these issues, the subsequent studies, such as
determine the ERp57 meditation effect of PGRN/ND7 in
type 1 and type 3 GD patient fibroblast. In addition, the
localization of ERp57 after endocytosed where it might
exert its role is also need investigation.

In conclusion, this study reports ERp57 as a novel
binding component for PGRN. ERp57 deficiency
abolished the therapeutic effects of PGRN and its
derivative ND7. However, the addition of recombinant
ERp57 reinstated the effects of PGRN and ND7 in type
2 GD patient fibroblasts deficient in ERp57. With the
consideration that ERp57 is involved in a plethora of
disease processes, the identification and manipulation
of this novel PGRN/ND7 binding partner may lead
to innovative therapeutic for GD and other lysosomal
storage diseases.
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SUMMARY Hepatic forkhead box protein A2 (FOXA?2) is a crucial transcription factor for liver development
and metabolic homeostasis. However, its role in hepatocellular carcinoma (HCC) progression and
lenvatinib-related drug resistance remains unknown. In this study, the level of FOXA2 expression
was found to be lower in HCC tissues than in paired adjacent tumor tissues. A low level of FOXA2
expression was associated with aggressive tumor characteristics (vascular invasion and poor
differentiation). A low level of FOXA?2 expression was found to be an independent risk factor for
tumor recurrence (hazard ratio (HR): 1.899, P < 0.001) and long-term survival (HR: 2.011, P = 0.003)
in HCC patients after hepatectomy. In xenograft animal models, FOXA2 overexpression significantly
inhibited tumor growth. Moreover, FOXA?2 overexpression was found to enhance the inhibitory effect
of lenvatinib on HCC cells by upregulating the adenosine monophosphate-activated protein kinase-
mechanistic target of rapamycin (AMPK-mTOR) pathway. Conversely, inhibition of adenosine
monophosphate-activated protein kinase (AMPK) or stimulation of mechanistic target of rapamycin
(mTOR) attenuated the sensitization of cells overexpressing FOXA2 to lenvatinib. Similarly, FOXA2
overexpression augmented the antitumor effect of lenvatinib in animal models with xenograft tumors.
FOXA2 overexpression increased autophagy in HCC cells treated with lenvatinib. Lenvatinib
treatment activated the platelet-derived growth factor receptor-extracellular regulated protein kinase
(PDGFR-ERK) pathway in HCC. FOXA2 overexpression further downregulated the PDGFR-ERK
pathway through the activation of the AMPK-mTOR axis. In conclusion, FOXA?2 was identified as an
independent risk factor for HCC after hepatectomy. FOXA2 was found to be closely associated with
the biological progression of HCC. By modulating the AMPK-mTOR-autophagy signaling pathway,
FOX2 significantly augmented antitumor effect of lenvatinib in HCC.

Keywords hepatocellular carcinoma, FOXA2, lenvatinib, AMPK-mTOR pathway, drug resistance

1. Introduction in liver development, glucose and lipid metabolism, and
bile metabolism (4-6). Unlike FOXA1 and FOXA3,

Hepatocellular carcinoma (HCC) is the most common FOXAZ2 knockout in the endoderm resulted in immediate

liver malignancy, with an incidence of 42.5% in China
(1). Overall, the 5-year survival rate of HCC patients in
China is only 11.7-14.1% (2). Therefore, elucidating the
mechanisms underlying HCC development is important.
The hepatocyte nuclear factor 3 (HNF3) family, which
includes the transcription factors hepatic forkhead box
protein Al (FOXAL1), hepatic forkhead box protein
A2 (FOXA2), and hepatic forkhead box protein A3
(FOXA3), was first identified in the liver (3). The
HNF3 family regulates the expression of over 50% of
functional genes in the liver, including those involved

postnatal death in mice. Approximately 43.5% of genes
are reported to interact with FOXA2. Its knockdown
can affect the transcription of the bile acid transporter
gene, leading to intrahepatic cholestasis (7). FOXA?2
has also been found to be downregulated in many solid
tumors, such as pancreatic cancer, prostate cancer, breast
cancer, and colon cancer. The expression of FOXA?2
has been linked to tumor invasion and metastasis, as
well as a poor prognosis. For instance, Smith et al. (8)
found that FOXA2 had a high number of mutations
in endometrial cancer tissues and was closely related
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to tumor progression. Vorvis et al. (9) reported that
FOXAZ2 knockdown in prostate cancer cells significantly
inhibited cell growth. McDaniel et al. (10) found that
FOXAZ2 regulated the development and differentiation of
biliary progenitor cells. Similarly, a previous study by the
current authors indicated that downregulation of FOXA2
promoted intrahepatic cholangiocarcinoma development
(11). A number of studies have investigated the role of
FOXA2 in HCC. The inactivation of FOXA2 has been
found to regulate the Notch pathway, thereby promoting
the progression of HCC (/2). FOXA2 also regulated
the transcription of p53 and p21, thereby affecting the
proliferation of HCC cells (/3,14). FOXA2 was found to
be associated with the epithelial-mesenchymal transition
(EMT) by downregulating the expression of E-cadherin
(15). All of the aforementioned findings indicate that
FOXAZ2 plays a critical role in both liver development
and liver tumors.

Lenvatinib, a small-molecule inhibitor of multiple
receptor tyrosine kinases, was approved for the first-
line treatment of patients with unresectable HCC (/6).
Despite the high objective response rate in the treatment
of HCC, drug resistance was inevitable. Because
lenvatinib's potent antiangiogenic ability depended
on various tyrosine kinase inhibitors, the mechanisms
of lenvatinib resistance were complex. Previous
studies have indicated that neurofibromin 1 (NF1),
dual-specificity phosphatase 9 (DUSP9), and dual-
specificity phosphatase 4 (DUSP4) were critical drivers
of lenvatinib resistance in HCC (/7,18). Inhibition of
epidermal growth factor receptor (EGFR) might enhance
the sensitivity of HCC to lenvatinib (/9). The activation
of signal transducers and activators of transcription 3
(STAT3) / ATP binding cassette subfamily B member 1
(ABCBI) signaling contributed to lenvatinib resistance,
whereas the inhibition of EGFR reversed this process
(20). Targeting pathways, such as the Integrin beta
8 (ITGB8)/ heat shock protein 90 (HSP90) / protein
kinase B (AKT) axis or the AKT/mechanistic target of
rapamycin (mTOR) and extracellular regulated protein
kinase (ERK) signaling pathways, might enhance the
sensitivity of lenvatinib in HCC patients (27,22). Further
understanding the mechanism of lenvatinib resistance to
HCC could provide a potential treatment strategy in the
event of unsatisfactory clinical benefits from lenvatinib.
Since FOXA?2 interacts with numerous genes in HCC,
the effect of FOXA2 on lenvatinib resistance in HCC
required investigation.

2. Materials and Methods

2.1. Human tumor tissues and follow-up

In total, 290 HCC patients with complete clinical data
who underwent surgical resection at the West China

Hospital of Sichuan University between January 2010
and December 2016 were included in this study. Overall

survival (OS) was defined as the duration between the
initial surgery and the patient's death. Recurrence-free
survival (RFS) was defined as the duration between
the date of curative surgery and the date of relapse.
Tissue microarray (TMA) cores (1.5 mm in diameter)
were derived from formalin-fixed, paraffin-embedded
samples. Immunohistochemical (IHC) staining was
performed on the TMA slides, and the results were
interpreted by three pathologists using a blinded method.
The level of FOXA2 expression was scored based on
the distribution and intensity of the signal. At least five
areas were examined under 400x magnification and
scored based on their signal distribution as follows: 1, <
25% stained; 2, 26-50% stained; 3, 51-75% stained; and
4, > 75% stained. The staining intensity was scored as
follows: 0, negative; 1, weakly positive (light yellow);
2, positive (brownish yellow); and 3, intensely positive
(brown). Tissues with an IHC score of less than or
equal to 7 were designated as having a low level of
expression, while those with a score of more than seven
were designated as having a high level of expression. To
investigate the relationship between FOXA2 expression
and HCC, classic clinical characteristics, such as age,
alpha fetoprotein (AFP) level, hepatitis B virus (HBV)
infection status, albumin, total bilirubin, degree of
differentiation, tumor size, satellite lesion, vascular
invasion, and cirrhosis of the liver, were included.
This study was approved by the Ethics Committee of
West China Hospital, Sichuan University, and written
informed consent was obtained from each participant.

2.2. Animals and treatments

Subcutaneously, 5 x 10° cells infected with Lenti-
FOXAZ2 or Lenti-GFP were inoculated into the right
forelimb of nude mice (n = 15). HCC tumors were
successfully grafted to the majority of mice after three
weeks. Lenvatinib (Selleck Chemicals, USA, cat#
S1164) was dissolved in 100% dimethyl sulfoxide
(DMSO; Sigma-Aldrich, USA) according to the
manufacturer's instructions to produce a 20-mM stock
solution. The 20-mM stock solution was diluted to 1
mM in a 0.3% sodium carboxymethyl cellulose solution.
Mice were administered either DMSO or lenvatinib (200
pL). DMSO (diluted in 0.3% sodium carboxymethyl
cellulose solution) was used as an untreated control.
Mice were randomly assigned to one of four groups:
green fluorescent protein (GFP)-vehicle (n = 5), a
GFP-lenvatinib (n = 5), a FOXA2-vehicle (n = 5), and
FOXA2-lenvatinib (n = 5). The tumor size was recorded
every 5 days. The tumor weight was recoded at sacrifice.
Animal experiments were conducted in accordance with
national and international laws and policies, and they
were approved by the Department of Animal Care and
Use Committee of Sichuan University.

2.3. Western blotting and immunohistochemistry
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Western blotting was performed in accordance with
the standard protocols. Proteins were extracted from
cells or tissues using RIPA buffer containing a protease
inhibitor cocktail, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred to a
nitrocellulose membrane (Millipore). The antibodies used
in this study were as follows: FOXA2 (1:1000; Abcam,
UK, cat# EPR22919-71), FLAG-tag (1:1500; Proteintech,
USA, cat# 80010-1-RR), Actin (1:1500; Proteintech,
USA, cat# 66009-1-Ig), PDGFR: platelet-derived growth
factor receptor (1:1000; Abcam, UK, cat# ab215978),
p-PDGFR (1:1000; Abcam, UK, cat# ab134048),
p-ERK1/2 (1:500; Abcam, UK, cat# ab76299), ERK1/2:
extracellular regulated protein kinases 1/2 (1:1000;
Abcam, UK, cat# ab184699), p-AMPK (T172) (1:500;
Abcam, UK, cat# ab133448), adenosine monophosphate-
activated protein kinase (AMPK) (1:500; Abcam, UK,
cat# ab32047), p-mTOR (S2448) (1:500; Abcam, UK,
cat# ab109268), ribosomal protein S6 kinase (S6K)
(1:500; Abcam, UK, cat# ab186753), p-S6K (1:500;
Abcam, UK, cat# ab60948), cleaved-caspase 3 (1:500;
Abcam, UK, cat# ab32042), cleaved-PARP1 (1:500;
Abcam, UK, cat# ab32561), microtubule-associated
protein light chain 3II (LC3II) (1:500; Abcam, UK,
cat# ab192890), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:1500; Proteintech, USA,
cat# 60004-1-Ig). Immunohistochemistry (IHC) was
performed as previously described (/7).

2.4. Cell culture, transfection, cell proliferation, and
invasion

The HCC cell lines Hep3B and Huh7 were obtained from
the Institute of Biochemistry and Cell Biology (Chinese
Academy of Sciences, Shanghai, China). The cells
were cultured in Dulbecco's Modified Eagle Medium
supplemented with 10% heat-inactivated fetal calf serum.
The small interfering RNA (siRNA) against FoxA2
(target sequence: CCATGAACATGTCGTCGTA) was
synthesized by RiboBio Co., Ltd. (Shanghai, China). A
FOXA2 overexpression plasmid (pcDNA3.1-FLAG-
FOXA?2) and theplvx-FOXAZ2 lentivirus were obtained
from Tsingke Biotechnology Co., Ltd. (Beijing, China).
Tumor cells (3 x 10° cells/well) were seeded in 96-well
plates and grown for 24 h. Hep3B and Huh7 cells were
transfected with the siRNA or FOXA2 overexpression
plasmid and incubated for 72 h. A cell proliferation assay
(CCK-8 kit, BD Biosciences, USA) was performed to
assess Hep3B and Huh7 cell proliferation. A wound
healing assay was performed to evaluate tumor cell
invasion. The scratch wound healing assay and the
transwell migration assay (BD Bioscience) were used
to assess the migration of tumor cells. The results were
analyzed using the mean number of cells in three fields
for each sample.

2.5. Statistical analysis

The software R (3.6.1 Windows version) was used
for statistical analyses. The continuous variables were
expressed as the median + interquartile range (IQR),
and the difference between groups was tested using
the Mann—Whitney U test. Categorical variables were
expressed as percentages, and statistical analyses were
performed using the y” test or Fisher's exact test. The
Kaplan-Meier test was used for survival analysis and the
log-rank test was used for difference analysis. The risk
factors were analyzed using a stepwise Cox regression
model. The potential risk factors (P < 0.1) were selected
in univariate analysis and then included in multivariate
analysis. The gray values of protein bands in Western
blots were measured and analyzed using the software
ImagelJ (LOCI, University of Wisconsin, USA). P <0.05
was considered statistically significant.

3. Results

3.1. FOXA2-associated tumor features and the prognosis
for HCC patients

Western blotting (WB) revealed that FOXA2 was
significantly downregulated in tumor tissue compared
to adjacent tumor tissue (Figure 1A). Based on the
IHC score (Figure 1B), 150 patients had a high level of
FOXA2 expression and 140 had a low level of FOXA2
expression. The study included 290 patients with
HCC after hepatectomy, as shown in Supplementary
Table S1 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=137). There were
significant differences in portal vein tumor thrombus
(PVTT), poorly differentiated tumors, and serum alpha-
fetoprotein (AFP) levels (P < 0.05). In comparison to
the group with a high level of FOXA2 expression, the
group with a low level of FOXA2 expression had a
higher incidence of PVTT (12.9% vs. 5.3%), a higher
proportion of poorly differentiated tumors (8.6% vs.
34.0%), and higher AFP levels (> 400 ng/mL). Based
on survival analysis, the 1-year, 3-year, and 5-year
recurrence-free survival (RES) in the group with a low
level of FOXA2 expression was 48.6%, 28.7%, and
17.0%, respectively, whereas the 1-year, 3-year, and
S-year RFS in the group with a high level of FOXA2
expression was 70.6%, 45.8%, and 34.6%, respectively
(P <0.001). The 1-year, 3-year, and 5-year OS in the
group with a low level of FOXA2 expression was
92.7%, 76.7%, and 49.1%, respectively, whereas the
1-year, 3-year, and 5-year OS in the group with a high
level of FOXA2 expression was 72.9%, 47.7%, and
25.9%, respectively (P < 0.001) (Figure 1C). A low
level of FOXA2 expression was an independent risk
factor for tumor recurrence (hazard ratio (HR): 1.899,
P <0.001) and long-term survival (HR: 2.011, P =
0.003) in HCC patients after hepatectomy (Figure 1D).
Therefore, a low level of FOXA2 expression in HCC
indicated aggressive tumors.
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Figure 1. Clinicopathological features correlated with the expression of FOXA2. A: Western blots indicating FOXA2 expression in paired
tumor and para-tumor tissue (n = 6). B: Representative images of low and high levels of FOXA2 expression in HCCs. C: survival analysis of
HCC patients with a high or low level of FOXA?2 expression; D: Multivariate analysis of recurrence-free survival (left) and overall survival (right)

after HCC resection.

3.2. FOXA2 expression influenced HCC cell
proliferation and invasion

FOXA2 was overexpressed and knocked down in
Hep3B by plasmid transfection and in Huh7 cells by
siRNA transfection (Supplementary Figure S1, http://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=137). The cell cloning assay revealed that the
proliferation of Hep3B and Huh7 cells was significantly
enhanced after FOXA2 knockdown but inhibited when
FOXA2 was overexpressed (Figure 2G and 2H). The
scratch wound healing and transwell migration assays
revealed that the knockdown of FOXA?2 increased
the invasion of Hep3B and Huh7 cells while the
overexpression of FOXA?2 inhibited it (Figure A-F).
These findings suggest that a low level of FOXA2
expression might promote HCC progression.

3.3. Effects of FOXA2 expression on the cytotoxicity of
lenvatinib in HCC cells

Hep3B and Huh7 cells were divided into two groups,
with one group transfected with an empty plasmid
and the other group transfected with a FLAG-FOXA2
plasmid. Both groups received varying concentrations
of lenvatinib (0 uM, 1 uM, 2.5 uM, 5 uM, 10 uM, and
20 uM). Cell death occurred at 5 uM, 10 uM, and 20
UM and the number of dead cells increased with an

increase in the lenvatinib concentration (Figure 3A and
3B). FOXA2 overexpression was found to increase
the sensitivity of HCC cells to lenvatinib. Hep3B and
Huh7 cells were transfected with FLAG-FOXA2 and
treated with lenvatinib (200 nM); clone proliferation
decreased significantly compared to that in the FOXA2
overexpression + lenvatinib group (Figure 3C and 3D).
These findings suggest that FOXA2 overexpression
augmented the ability of lenvatinib to promote cell death.

3.4. FOXA2 increased the antitumor effect of lenvatinib
via the AMPK-mTOR pathway

Stemness and drug resistance were found to be closely
related to the AMPK-mediated pathway (23,24). WB
revealed that FOXA2 overexpression and lenvatinib
treatment upregulated p-APMK expression in a
synergistic manner (Figure 4A and 4B). Lenvatinib has
been found to effectively inhibit HCC cell invasion.
Following lenvatinib treatment, Hep3B and Huh7 cells
overexpressing or not overexpressing FOXA2 were
treated with AMPK inhibitor compound C (2 uM). Their
ability to invade cells was significantly restored, with
no significant differences between the groups (Figure
4C). When the mTOR activator MHY 1485 (5 pm) was
added to Hep3B/Huh?7 cells overexpressing FOXA?2 after
treatment with lenvatinib (10 pm), the antitumor effect of
lenvatinib that was enhanced by FOXA2 was attenuated
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Figure 2. FOXA2 inhibited HCC cell (Huh7/Hep3B) invasion. Scratch wound and transwell assay suggested that FOXA?2 inhibited or
promoted HCC cell migration after FOXA2 overexpression or knockdown (A-F); Clonal formation assays indicated that cell proliferation
decreased after FOXA2 overexpression and increased after FOXA2 knockdown (G and H).

(Figure 4G). Similar results have been observed in
cloning assay (Figure 4 E-F). This suggested that the
inhibitory effect of FOXA2 on HCC was associated with
AMPK activation and mTOR inhibition. The levels of
p-mTOR and p-S6K expression decreased, while the
level of p-AMPK expression increased. Mammalian
target of rapamycin C1 (mTORC1) is an important
AMPK substrate. FOXA2 overexpression combined
with lenvatinib inhibited mTORC]1 activation, whereas
AMPK inhibitor compound C (2 uM) significantly
restored p-mTOR expression (Figure 4H). These findings
indicated that FOXA2 overexpression inhibited the
mTOR pathway by activating AMPK (Figure 9).

3.5. Lenvatinib combined with FOXA2 overexpression
upregulated the STRADa- LKBI1 axis

Activation of AMPK or inhibition of mTOR in HCC

may enhance the antitumor effect of lenvatinib (25,26).
Lenvatinib combined with FOXA2 overexpression
was found to activate AMPK. Moreover, metformin
activated AMPK in HCC cell lines and indeed enhanced
the antitumor effect of lenvatinib in HCC cell lines.
LKBI1 is an important upstream regulator of AMPK
(Supplementary Figure S2, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=137). A
previous study reported that the nuclear residence of
LKBI in HCC cells attenuated activation of AMPK (27).
Ste20-related adaptor alpha (STRADa) may promote
the nuclear - cytoplasmic translocation of liver kinase
BI1(LKB1) (28). Compared to lenvatinib treatment alone,
lenvatinib combined with FOXA2 overexpression lead
to significantly increased LKB1 phosphorylation. The
expression of the LKB1 regulator STRADo was up-
regulated (Figure SA). After FOXA2 overexpression,
the levels of LKB1 and STRADa protein in the
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lenvatinib and further inhibited after FOXA2 overexpression (A and B). Clonal formation assays suggested that FOXA2 overexpression further
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Figure 4. FOXA?2 increased HCC cell (Hep3B/Huh?7) sensitivity to lenvatinib via the AMPK signaling pathway. p-AMPK significantly was up-
regulated in HCC cell lines overexpressing FOXA?2 after treatment with lenvatinib (A and B). After adding AMPK inhibitor Compound C (2 uM) for
48 h, a CCK-8 assay indicated that the cell viability was restored by treatment with lenvatinib (C). The levels of p-mTOR and p-S6K protein were
significantly down-regulated in HCC cell lines overexpressing FOXA?2 after treatment with lenvatinib (D). Colony assay and CCK-8 indicated that
inhibition of AMPK or activation of mTOR impaired HCC cell line sensitivity to lenvatinib by FOXA2 (E-G). Inhibition of AMPK upregulated the
levels of p-mTOR or p-S6K protein in HCC cell lines treating with lenvatinib and FOXA2 overexpression (H).
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cytoplasm were up-regulated, while the levels of
LKBI and STRADa protein in the nucleus were down-
regulated (Figure 5B). This suggested that lenvatinib
combined with FOXA2 overexpression further promoted
LKBI1 cytoplasmic residence and activated AMPK by
upregulating the level of STRADa expression (Figure 9).

3.6. Autophagy increased with a high level of FOXA2
expression and lenvatinib treatment

The AMPK-mTOR pathway plays an important role
in autophagy. To determine whether FOXA2-induced

Vector FOXA2 Vector FOXA2

lenvatinib sensitization occurs via AMPK-mediated
autophagy, the level of expression of LC3-II, a key
molecule of autophagy, was measured. When cells
overexpressing FOXA2 were treated with lenvatinib,
the level of LC3-II expression increased. When the cells
overexpressing FOXA2 were treated with an autophagy
inhibitor (bafilomycin A1) after lenvatinib treatment, the
level of LC3-II expression continued to increase (Figure
6A). These results revealed that LC3-II accumulation
was caused by an increase in autophagy rather than
inhibition of autophagy clearance. Hep3B cells were
co-transfected with GFP-LC3 and FLAG-FOXA2
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phosphorylation increased and the level of expression of the LKB1

regulated p-LKB1 and the STRADo-LKB1 axis. The level of LKB1
regulator STRADa was up-regulated (A). After FOXA2 overexpression,

the levels of LKB1 and STRADa protein in the cytoplasm were up-regulated, and the levels of LKB1 and STRADa protein in the nucleus were
down-regulated (B). MO25: Liver kinase B1 (LKBI, also known as STK11), MO25, and STRAD. p84: Nuclear matrix protein p84.
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Figure 6. Lenvatinib combined with FOXA2 overexpression promoted autophagy. Microtubule-associated protein light chain 311 (LC3II)
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LC3-I: microtubule-associated protein light chain 3 1.
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Figure 7. Lenvatinib combined with FOXA2 overexpression inhibits the PDGFR-ERK pathway via the AMPK signaling pathway. After
HCC cell lines were transfected with FOXA2 for 24 hours, they were treated with lenvatinib (10 uM) and AMPK inhibitor Compound C (2
uM) for 48 hours. Western blotting indicated that the levels of p-PDGFR and p-ERK1/2 protein were significantly down-regulated compared to
lenvatinib or FOXA2 overexpression alone (A and B). After adding AMPK inhibitor Compound C, the levels of p-PDGFR and p-ERK1/2 protein

were up-regulated (C and D).

vectors and incubated for 24 h, followed by treatment
with lenvatinib (10 uM) for 24 h. The results suggested
that FOXA2 overexpression combined with lenvatinib
treatment caused a significant increase in autophagy
(Figure 6B).

3.7. Lenvatinib treatment combined with FOXA2
overexpression inhibited the PDGFR-ERK pathway

PDGFR plays a significant role in anti-tumor drug
resistance. Lenvatinib inhibits tumor progression by
targeting PDGFR. Results indicated that FOXA2
overexpression significantly inhibited the expression of
p-PDGFR, implying that the enhanced antitumor effect
of lenvatinib by forced FOXA2 expression may depend
on modification of PDGFR (Figure 7A-B). When the
AMPK pathway was inhibited, the effect of forced
FOXA2 expression on the sensitivity of HCC cells to
lenvatinib was diminished. Interestingly, expression of
p-PDGFR and p-ERK1/2 was reversed (Figure 7C-D).
These results suggested that FOXA2 may regulate the
PDGFR-ERK pathway via the AMPK signaling axis and
contribute to the antitumor effect of lenvatinib (Figure 9).

3.8. FOXA2 further inhibited the growth of HCC treated
with lenvatinib via the AMPK signaling pathway

Hep3B cells were divided into two groups; one group
was transfected with lentivirus-green fluorescent protein
(Lenti-GFP), and the other group was transfected with
lentivirus-FOXA2 (Lenti-FOXA2). Two group cells
were seeded in nude mice and observed for 4 weeks. The
results indicated that the tumorigenic ability diminished
significantly in the group overexpressing FOXA2. Then,
two groups were treated with lenvatinib. The weakest
tumorigenicity and very slow tumor growth were
observed in the group overexpressing FOXA2 (Figure
8A-C). Protein detection in tumor tissues indicated that
the level of p-AMPK expression increased significantly
in the group overexpressing FOXA2 (Figure 8D-E). This
confirmed that FOXA?2 enhanced the antitumor effect of
lenvatinib via the AMPK-mTOR pathway.

4. Discussion

Results indicated that the expression of FOXA?2 in tumor
tissue was downregulated compared to that in adjacent
tumor tissue. Consistent with the current findings, data
from high-throughput sequencing expression profiling
suggested that the content of FOXA2 mRNA in tumor
samples was significantly lower than that in paired non-
cancer tissues (GSE119336, by Cao Peng and Li Yong).
The level of FOXA2 expression in a variety of human
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Figure 8. FOXA2 further inhibited the growth of HCC treated with lenvatinib via the AMPK signaling pathway. FOXA2 overexpression
enhanced the antitumor effect of lenvatinib (A). Tumor weight (B) and volume (C) of subcutaneous implant models in nude mice produced by
injecting HCC cells stably expressing FOXA2 (n = 10, lenvatinib: n = 5; control: n = 5) and an empty vector (n = 10, lenvatinib: n = 5; control: n = 5);
FOXAZ2 overexpression combined with lenvatinib up-regulated p-AMPK (D and E).
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Figure 9. FOXA2 overexpression increased the antitumor effect of
lenvatinib via the AMPK-mTOR-Autophagy pathway. Lenvatinib
treatment combined with FOXA?2 overexpression inhibited the
PDGFR-ERK pathway via activation of AMPK. The levels of LKB1
and STRADa protein in the nucleus were down-regulated. FOXA2:
forkhead box protein A2; STRADa: ste20-related adaptor alpha; LKB1:
liver kinase B1; AMPK: adenosine monophosphate-activated protein
kinase; mTOR: mechanistic target of rapamycin; PDGFR: platelet-
derived growth factor receptor; ERK: extracellular regulated protein
kinases.

HCC cell lines has been reported to be significantly
lower than that in normal human fetal hepatocytes (LO-
2) (29). According to IHC, 48.3% of patients had a low
level of FOXA2 expression. Patients with a low level of
FOXA2 expression had a higher incidence of portal vein
invasion and poorly differentiated tumors. This suggested

that the expression of FOXA2 was associated with tumor
aggressiveness. In terms of prognosis, patients with a
high level of FOXA2 expression had a significantly
higher 5-year RFS and OS than patients with a low
level of FOXA2 expression. A low level of FOXA2
expression was identified as an independent risk factor
for tumor recurrence. In addition, tumor size, the number
of tumors, MVI, PVTT, and lymph node status have been
found to be independent risk factors for patients with
HCC (30). This indicates that a low level of FOXA2
expression was associated with a highly invasive tumor.
The proliferation and invasion capacity of HCC cells
were found to be significantly enhanced by a decrease in
FOXAZ2 expression but increased after forced FOXA2
expression. Previous studies have found that patients
with higher levels of FOXA2 expression have a better
prognosis for breast carcinoma and gastric cancer (3/,32).
A study has also found that FOXA2 acted as a tumor
suppressor and inhibited the invasion of various tumors
(13). FOXA2 regulated tumor behavior by interacting
with various genes, including the cadherin 1(CDH1)
promoter, forkhead box protein P2 (FOXP2), and
staphylococcal nuclease domain containing 1 (SND1)
(29,33,34). The current authors previously reported
that FOXA2 promotes intrahepatic cholesteatoma by
activating the MAPK signaling pathway (/7). According
to preliminary findings and previous research (/7),
FOXAZ2 contributed to tumor progression in HCC cells.
Lenvatinib is a small-molecule inhibitor of multiple
receptor tyrosine kinases that is widely used to treat
patients with unresectable HCC. However, this drug
has only a limited clinical benefit. Numerous studies
have been conducted to investigate potential targets to
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improve prognosis (/7-19,21). The current study found
that overexpression of FOXA2 enhanced the ability of
lenvatinib to promote cell death in lenvatinib-sensitive
HCC cells.

FOXA2 mutations have been reported to be
associated with the AMPK signaling pathway (35).
The AMPK pathway is closely involved in cancer drug
resistance via several mechanisms of antitumor drug
resistance (24,36). An AMPK activator enhanced the
antitumor effect of cisplatin in meningiomas via the
AMPK/mTOR signaling pathway (37). AMPK/mTOR-
mediated autophagy was found to contribute to docetaxel
resistance in castration-resistant prostate cancer (38).
These findings suggest that the contribution of FOXA2
to lenvatinib sensitivity in HCC might be dependent on
the AMPK signaling pathway. The enhanced antitumor
effect of lenvatinib by forced overexpression of FOXA2
was found to be attenuated when AMPK was inhibited.
AMPK phosphorylation increased significantly in HCC
cells following lenvatinib treatment and overexpression
of FOXA2; however, the levels of p-mTOR and p-S6K
expression decreased. These findings indicate that the
AMPK/mTOR signaling pathway played a critical role
in increasing lenvatinib sensitization by FOXA2 in HCC
cells. The AMPK enzyme is a critical energy and nutrient
sensor in cells. AMPK activation might regulate the
metabolic reprogramming and self-regeneration of cancer
stem cells. Therefore, targeting the AMPK signaling
pathway is a potential strategy for overcoming cancer
drug resistance (24,39). The current study found that
FOXA2 might be a key target for overcoming lenvatinib
resistance.

Autophagy is a physiological cell survival
mechanism utilized by tumor cells to prevent cell
death and induce drug resistance. FOXA2 has been
found to be closely related to autophagy (40). mTOR-
mediated cancer drug resistance inhibits autophagy
and generates a druggable metabolic vulnerability (47).
AMPK phosphorylation has a critical role in mediating
autophagy (39). Chloroquine is an autophagy inducer
that increases microtubule-associated protein light chain
3B-II protein expression. Cisplatin induced autophagy
and contributed to drug resistance by activating
the AMPK/mTOR signaling pathway. Cisplatin in
combination with chloroquine decreased the level of
p-AMPK expression and increased the level of p-mTOR
expression, which inhibited the activation of autophagy
(42). Cisplatin in combination with chloroquine was
also found to increase the cisplatin-induced apoptosis
and growth of lung adenocarcinoma cells. This indicates
that the AMPK-mTOR pathway plays an important role
in autophagy. The current study indicated that FOXA2
in combination with lenvatinib activated the AMPK
signaling pathway and enhanced autophagy. PDGFR
is one of the key targets of lenvatinib (43,44). In the
current study, lenvatinib and FOXA2 overexpression
significantly reduced the expression of p-PDGFR

compared to lenvatinib alone or overexpressed FOXA2
alone. However, this phenomenon was reversed
by an AMPK inhibitor. This may be why FOXA2
overexpression promotes lenvatinib sensitivity in HCC.
However, the current study had several limitations. First,
lenvatinib inhibits HCC via many targets. This study
focused on the PDGFR-ERK pathway in drug resistance.
Second, the relationship between the AMPK signaling
pathway and autophagy has been well-established, but
autophagy in lenvatinib-related drug resistance was not
fully investigated. Therefore, the hope is that additional
quality research will delve into this issue.

In conclusion, results indicated that a low level of
FOXA2 expression is significantly associated with poor
tumor biology. Results also revealed that overexpressed
FOXA2 enhanced HCC susceptibility to lenvatinib,
which was mediated by the AMPK/PDGFR signaling
pathway. These findings indicate that FOXA2 may be
a promising target to treat lenvatinib-associated drug
resistance.
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SUMMARY Concurrent screening has been proven to provide a comprehensive approach for management of
congenital deafness and prevention of ototoxicity. The SLC26A44 gene is associated with late-onset
hearing loss and is of great clinical concern. For much earlier detection of newborns with deafness-
causing mutations in the SLC2644 gene, the Beijing Municipal Government launched a chip for
optimized genetic screening of 15 variants of 4 genes causing deafness based on a chip to screen for
9 variants of 4 genes, and 6 variants of the SLC2644 gene have now been added. To ascertain the
advantage of a screening chip including 15 variants of 4 genes, the trends in concurrent hearing and
genetic screening were analyzed in 2019 and 2020. Subjects were 76,460 newborns who underwent
concurrent hearing and genetic screening at 24 maternal and child care centers in Beijing from January
2019 to December 2020. Hearing screening was conducted using transiently evoked otoacoustic
emissions (TEOAEs), distortion product otoacoustic emissions (DPOAE), or the automated auditory
brainstem response (AABR). Dried blood spots were collected for genetic testing and 15 variants of
4 genes, namely GJB2, SLC26A44, mtDNA 12S rRNA, and GJB3, were screened for using a DNA
microarray platform. The initial referral rate for hearing screening decreased from 3.60% (1,502/41,690)
in 2019 to 3.23% (1,124/34,770) in 2020, and the total referral rate for hearing screening dropped form
0.57% (236/41,690) in 2019 to 0.54% (187/34,770) in 2020, indicating the reduced false positive rate
of newborn hearing screening and policies to prevent hearing loss conducted by the Beijing Municipal
Government have had a significant effect. Positivity according to genetic screening was similar in
2019 (4.970%, 2,072/41,690) and 2020 (4.863%,1,691/34,770), and the most frequent mutant alleles
were ¢.235 del C in the GJB2 gene, followed by ¢.919-2 A > G in the SLC26A44 gene, and ¢.299 del
AT in the GJB2 gene. In this cohort study, 71.43% (5/7) of newborns with 2 variants of the SLC2644
gene were screened for newly added mutations, and 28.57% (2/7) of newborns with 2 variants of the
SLC26A4 gene passed hearing screening, suggesting that a screening chip including 15 variants of 4
genes was superior at early detection of hearing loss, and especially in early identification of newborns
with deafness-causing mutations in the SLC26A44 gene. These findings have clinical significance.

Keywords Deafness-related genes, Newborn genetic screening, Newborn hearing screening, Concurrent
screening, Hearing loss

1. Introduction the World Health Organization (WHO) indicates that >

1.5 billion people currently experience some degree of
Hearing loss is the most common human neurosensory hearing loss, which could grow to 2.5 billion by 2050
disorder. The World Report on Hearing published by (7). The WHO estimates that over 400 million people,
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including 34 million children, live with disabling hearing
loss, which affects their health and quality of life (7). The
reported incidence of hearing loss ranges from 1 to 2 per
1,000 newborns; in more than half of these newborns, it
has a genetic etiology (2,3). A universal newborn hearing
screening (UNHS) program has been implemented
in China since the 1990s and has contributed to early
hearing loss detection, diagnosis, and interventions,
with good social benefits (4,5). The UNHS program is
considered to be an extraordinarily successful public
health program worldwide, but it has some limitations.
The conventional UNHS is limited by its ability to detect
children with late-onset or progressive sensorineural
hearing loss after birth, and these children may not
benefit from improved outcomes conferred from early
identification and intervention by UNHS alone (6).

In 2006, Morton et al. pointed out the limitations
of traditional newborn hearing screening and proposed
the concept of combined newborn hearing screening
and genetic screening for deafness for the first time (7).
In 2007, Chinese scholars Wang et al. preliminarily
discussed the protocol and strategy for concurrent
newborn hearing and genetic screening and proposed
that hearing screening and genetic screening should be
conducted for prelingual hearing loss, delayed-onset
high-risk children, or carriers of deafness-related genes
and combined with regular follow-up and monitoring;
they also advocated for extensive simultaneous newborn
hearing screening and genetic screening; this has become
a highly powerful screening strategy (8). In 2011, the
Beijing Municipal Health Bureau conducted a successful
pilot project on genetic screening of newborns for
deafness at Beijing Tongren Hospital and the Chinese
People's Liberation Army General Hospital. In 2012,
with the support of the Beijing Municipal Government,
the former Beijing Municipal Health Bureau initiated
a project for genetic screening of newborns for
deafness. The project screened for 9 mutations in 4
common deafness-related genes, including c¢.235delC
(p.Leu79Cysfs*3), ¢.299 300delAT (p.His100Argfs*14),
c.176_191dell6 (p.Gly59Alafs*18), and ¢.35delG
(p.Gly12Valfs*2) in GJB2 (MIM: 121011); ¢.919-2A>G
and ¢.2168A>G (p.His723Arg) in SLC2644 (MIM:
605646); and m.1555A>G and m.1494C>T of mtDNA
1285rRNA (MIM: 561000); ¢.538C>T (p.Argl80*) in
GJB3 (MIM: 603324). The genetic screening project was
led by Beijing Tongren Hospital, in collaboration with 5
facilities conducting genetic screening of newborns for
deafness in Beijing, thus making Beijing the first city
in China to genetically screen newborns for deafness.
Based on the demonstrated effectiveness in Beijing, other
cities like Chengdu, Changzhi, Zhengzhou, and Nantong
in about 20 provinces, municipalities, and autonomous
regions started including this project in their livelihood
projects and they began genetically screening newborns
for deafness for free (9). After more than 10 years in
practice, the concurrent hearing and genetic screening of

newborns in China had entered a phase of rapid progress.

In 2019, the current authors' group conducted
concurrent hearing and genetic screening of 180,469
neonates with follow-up in Beijing, China. For genetic
testing, dried blood spots were collected and 9 variants
of 4 genes, namely GJB2, SLC2644, mtDNA 12SrRNA,
and GJB3, were screened for using a DNA microarray
platform (/0). Results revealed that 25% of infants with
pathogenic combinations of GJB2 or SLC26A44 variants
and 99% of infants with an m.1555A>G or m.1494C>T
variant passed routine newborn hearing screening
" In 2020, the current status of genetic screening of
newborns for deafness was analyzed from 2016 to
2017 in multiple regions of China, and results revealed
that the genetic screening of newborns for deafness is
more extensive in the eastern region of China than in
the central and western regions (9). In 2021, the China
Clinical Multicenter Collaborative Research Group for
Genetic Screening and Diagnosis of Deafness and the
National Technical Guidance Group for Prevention and
Treatment of Deafness promulgated the "Specifications
for Genetic Screening for Deafness," which focus on
the principles, process, technical methods, interpretation
of results, and genetic counseling for deafness, with the
aim of providing guidance for professionals engaged
in this work and standardizing the workflow of genetic
screening for deafness and post-screening in China
(11). 1t makes genetic screening for deafness more
effective for early diagnosis, treatment and prevention
of deafness. Above all, it indicates that after 15 years of
clinical practice, concurrent newborn hearing and genetic
screening is superior to traditional hearing screening,
especially in identifying infants with deafness-gene-
caused hearing loss.

Data in China have indicated that SLC26A44 is the
second most common gene that causes non-syndromic
hearing loss (NSHL), accounting for 14.5% (12).
Individuals with mutations in the SLC2644 gene may
have hearing loss, as well as an enlarged vestibular
aqueduct (EVA). In 2017, the current authors' research
team retrospectively analyzed 582 subjects with
genetic mutations causing deafness, results indicated
that SLC2644 gene mutations were mainly associated
with high-frequency hearing loss and profound-
severe hearing loss (/3). In addition, some patients
with SLC2644 mutations may develop delayed-onset
hearing loss (/4). For earlier detection of newborns with
deafness-causing mutations in the SLC2644 gene, the
Beijing Municipal Government launched a new chip
to genetically screen for 15 variants of 4 genes based
on a screening chip including 9 variants of 4 genes.
The new chip added 6 variants of the SLC2644 gene:
c.1975G>C (p.Val659Leu), c¢.1707+5G>A, c.1229C>T
(p.Thr410Met), c.1226G>A (p.Arg409His), ¢.2027T>A
(p.Leu676Gln), and ¢.1174A>T (p.Asn392Tyr). To
ascertain the advantage of screening for 15 mutations of
4 genes over screening for 9 mutations of 4 genes, the

www.biosciencetrends.com



150 BioScience Trends. 2023; 17(2):148-159.

current study first analyzed trends in concurrent hearing
and genetic screening and differences across 2 years.
This study also reported the sex-specific and gestational
age-specific results of hearing and genetic screening,
indicating the sex differences and gestational age
differences in concurrent hearing and genetic screening.
These findings might provide a reference for the
promotion and implementation of hearing and genetic
screening.

2. Material and Methods
2.1. Clinical data

Subjects were 76,460 infants born at 24 maternal and
child care centers in Beijing who underwent concurrent
hearing and genetic screening between January 2019 to
December 2020. The clinical data on newborns who were
screened for pathogenic deafness-associated variants
were followed up systematically (Table S1, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=142). Conventional newborn hearing screening
and concurrent genetic screening were both conducted
within 72 h after birth for all neonates at no charge.

2.2. Hearing screening

According to the "Technical Specifications for Newborn
Hearing Screening (2010 Edition)," initial screening was
conducted using transiently evoked otoacoustic emission
(TEOAE) or distortion product otoacoustic emission
(DPOAE) testing for normal infants 48-72 h after birth.
For high-risk infants, the automated auditory brainstem
response (AABR) test was completed prior to discharge
from the hospital (/5). For those referred after initial
testing, a repeat otoacoustic emission (OAE) test or OAE
test combined with AABR analysis was conducted by
the age of 42 days. The relevant test parameters were as
follows: TEOAE: acoustic stimulation — click; stimulus
intensity — 70-75 dB; sound pressure level (SPL); signal
superposition — 500-2,080 times; background noise <
45 dB (A); passing criteria — total reaction intensity
>10 dB SPL; repetition rate >50%; and signal-to-noise
ratio (SNR) (at least 3 frequencies) > 3 dB; DPOAE:
acoustic stimulation — two consecutive pure tones f
and f,; stimulus intensity — 65 dB and 55/50 dB; SPL;
and frequency ratio — 1.1-1.5 (at least 6 frequencies);
AABR: acoustic stimulation — click; stimulus intensity
— 35 dB n HL; stimulation rate — 93 times/sec; sampling
rate — 16 kHz; signal superposition — up to 15,000 times;
spectrum range — 700/750 -5,000 Hz; and background
noise: <45 dB (A). The TEOAE, DPOAE and AABR
results were automatically determined by the screening
device and displayed as "PASS" or "REFER." Those
who failed rescreening would be referred to Beijing
Tongren Hospital for diagnostic hearing testing within 3
months.

2.3. Genetic screening

The Deafness Gene Variant Detection Array Kit (Capital
Bio) was used to identify 15 variants of 4 genes in
newborns born between January 2019 to December 2020,
including ¢.235delC (p.Leu79Cysfs*3), ¢.299 300delAT
(p.-His100Argfs*14), c.176_191del16 (p.Gly59Alafs*18),
and c.35delG (p.Gly12Valfs*2) in GJB2; ¢.919-2A>G,
c.2168A>G (p.His723Arg), ¢.1975G>C (p.Val659Leu),
c.1707+5G>A, ¢.1229C>T (p.Thr410Met), c.1226G>A
(p-Arg409His), ¢.2027T>A (p.Leu676GlIn), and
c.1174A>T (p.Asn392Tyr) in SLC26A44; ¢.538C>T(p.
Argl80*) in GJB3; and m.1555A>G and m.1494C>T
in mtDNA /2§ rRNA (Table S2, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=142, Figure S1, http://'www.biosciencetrends.
com/action/getSupplementalData.php?ID=142) (16).
Dried blood spots from all newborn infants were
collected from all 24 maternal and child care centers in
Beijing where hearing screening is routinely conducted.
Genetic screening was conducted at Beijing Tongren
Hospital, which has genetic screening laboratories
that were authorized by the Beijing Municipal Health
Commission (/0). Results were recorded in a report
card (Table S3, http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=142) as pass
(wild-type genotypes), refer (homozygote or compound
heterozygote of GJB2 or SLC26A44, mtDNA 12SrRNA
variants), or carrier (heterozygote of GJB2 or SLC26A44
and heterozygote or homozygote of GJB3). Genotypes
with homozygous and compound heterozygous variants
of GJB2 or SLC26A44 were diagnosed as deafness-
causing genotypes, and those with mtDNA 725rRNA
variants were diagnosed as drug-susceptible.

2.4. Statistical analysis

In the current study, the cohort consisted of 54,359
neonates in 2019 and 39,106 neonates in 2020. Analyses
included all participants for whom the variables
of interest were available. Missing data were not
imputed. Ultimately, this study involved a cohort of
41,690 neonates in 2019 and 34,770 neonates in 2020
(Table S4, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=142). The significance of
differences was assessed using the »° test for categorical
variables and the ¢ test or ANOVA for continuous
variables. All data analyses with performed using SAS
(version 9.4) (SAS Institute, Cary, NC, USA).

2.5. Ethics statement

This study was approved by the Ethics Committee of
the Beijing Institute of Otolaryngology. Fully informed
written consent was obtained from the parents of all
neonates for evaluation and publication of their clinical
data.
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3. Results

3.1. Baseline characteristics of hearing loss in the 2 years
studied

In the current study, 41,690 infants born in 2019 and
34,770 infants born in 2020 underwent concurrent
hearing and genetic screening within 72 h after birth and
before hospital discharge. Demographic characteristics
are shown in Table 1. The mean gestational age was
38.71 weeks in 2019 and 38.67 weeks in 2020. The mean
birth weight was 3,294 grams in 2019 and 3,285 grams
in 2020. Seven-point-one percent of newborns were born
prematurely in 2019 and 7.31% were born prematurely in
2020. In this cohort of newborns, there were more males
than females, with a total sex ratio of 1.083:1.000. In
2019, 96.07% of newborns were singleton pregnancies
and 96.39% were singleton pregnancies in 2020, 3.93%
were multiple pregnancies in 2019, and 3.61% were
multiple pregnancies in 2020.

3.2. Hearing screening results in the 2 years studied

Table 1. The baseline characteristics of hearing and genetic
screening in different years

Year group
Characteristics

2019 (N =41,690) 2020 (N = 34,770)

Gestational age, weeks, mean 38.71 + 1.66 38.67 +1.67
(SD)
Premature, % 2,961 (7.10) 2,542 (7.31)
Sex, %
Female 20,014 (48.01) 16,693 (48.01)
Male 21,676 (51.99) 18,075 (51.98)
Unspecified 0(0.00) 2(0.01)
Birth weight, g, mean (SD) 3,294.59 + 488.76  3,285.62 +490.21
Fetus
Single birth 40,052 (96.07) 33,514 (96.39)
Multiple births 1,638 (3.93) 1,256 (3.61)

N, number of newborns.

Table 2. Trends in results of hearing screening

The initial referral rate for hearing screening decreased in
the 2 years studied, from 3.60% (1,502/41,690) to 3.23%
(1,124/34,770) (Table 2). Those newborns who were
referred were screened again at the age of 42 days; 0.57%
(236/41,690) did not pass the second hearing screening
either bilaterally or unilaterally in 2019 and 0.54%
(187/34,770) did not pass in 2020, so the percentage
tended to decline. There were significant differences in
trends for both initial screening and second screening
between 2020 and 2019 (P = 0.0057).

3.3. Genetic screening results in the 2 years studied

Forty-one thousand six hundred and ninety newborns
underwent genetic screening in 2019 and 34,770 did so
in 2020, and genetic screening data are shown in Table 3.
Four-point-nine-seven percent of neonates (2,072/41,690)
screened positive for deafness-associated variants in
2019 and 4.863% (1,691/34,770) did so in 2020. The
percentages were similar in the 2 years studied. There
were no significant differences between 2020 and 2019 (P
=0.4973).

Trends in allele frequency in genetic screening are
shown in Table 4. The most frequent mutant alleles were
those of the GJB2 gene, SLC2644 gene, and GJB3 gene
in the 2 years studied, in descending order. The frequency
of mutant alleles in the GJB2 gene, in descending order
over the 2 years studied, was 1.229% (1,025/83,380) in
2019 and 1.150% (800/69,540) in 2020. The frequency
of mutant alleles in the SLC2644 gene, in descending
order over the 2 years studied, was 1.015% (705/69,540)
in 2020 and 1.013% (844/83,380) in 2019. The frequency
of mutant alleles in the GJB3 gene, from high to low, was
0.168% (117/69,540) in 2020 and 0.156% (130/83,380)
in 2019.

The most frequent mutant alleles were ¢.235 del
C in the GJB2 gene, followed by ¢.919-2 A > G in the
SLC26A44 gene, and ¢.299 del AT in the GJB2 gene
in both years studied. The frequency of the mutant

Year group
Results 2019 2020
P values for total referrals (%)
N Percentage (%) N Percentage (%)
Initial hearing screening
Passed 40,188 96.40 33,646 96.77
Unilateral referral 903 2.16 685 1.97
Bilateral referral 599 1.44 439 1.26 P =0.0057
Total referrals (%) 1,502 3.60 1,124 3.23
Second hearing screening
Passed 41,454 99.43 34,583 99.46
Unilateral referral 98 0.24 99 0.29
Bilateral referral 138 0.33 88 0.25
Total referrals (%) 236 0.57 187 0.54
Total 41,690 100 34,770 100

N, number of newborns.
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Table 3. Trends in results of genetic screening

Group by year
Genotypes 2019 2020
P value for the positive genotype (%)
N Percentage (%) N Percentage (%)
Wild type 39,618 95.030 33,079 95.137
Positive 2,072 4.970 1,691 4.863 P=0.4973
Total 41,690 100 34,770 100
N, number of newborns. * Newborns born from April 2013 to March 2014.
Table 4. Trends in allele frequency in genetic screening
Group by year

Variants 2019 (15-site chip) 2020 (15-site chip)

Heterozygotes Homozygotes Allele Heterozygotes Homozygotes Allele

) @) frequency (%) ) ) frequency (%)

GJB2¢35del G 6 0 0.007 6 0 0.009
GJB2 ¢.176 del 16 40 0 0.048 39 0 0.056
GJB2 ¢.235 del C 761 3 0.920 599 1 0.864
GJB2 ¢.299 del AT 212 0 0.254 154 0 0.221
GJB3¢.538C>T 130 0 0.156 117 0 0.168
SLC2644 ¢2168 A> G 109 0 0.131 100 0 0.144
SLC2644 ¢919-2A>G 567 0 0.680 427 2 0.620
SLC2644 c.1174 A>T 28 0 0.034 33 0 0.047
SLC26A44 ¢.1226 G> A 22 0 0.026 29 0 0.042
SLC2644 ¢.1229C>T 23 0 0.028 36 0 0.052
SLC26A44 ¢.1975G>C 61 0 0.073 40 0 0.058
SLC2644 ¢2027T>A 24 0 0.029 22 1 0.035
SLC26A44 ¢.1707+5 G > A 10 0 0.012 12 0 0.017

N, number of newborns.

allele ¢.235 del C in the GJB2 gene in 2019 (0.920%,
767/83,380) was higher than in 2020 (0.864%,
601/69,540). The frequency of the mutant allele ¢.919-2
A> G inthe SLC26A44 gene in 2019 (0.680%, 567/83,380)
was also higher than in 2020 (0.620%, 431/69,540). The
frequency of the mutant allele ¢.299 del AT in the GJB2
gene in 2019 (0.254%, 212/83,380) was higher than in
2020 (0.221%, 154/69,540).

3.4. Concurrent hearing and genetic screening in the 2
years studied

Associations between hearing and genetic screening are
summarized in Table 5. In the 2 years studied, 63 of the
423 neonates who did not pass hearing screening, either
bilaterally or unilaterally, were also referred for genetic
screening. Moreover, 3,700 neonates who passed hearing
screening were positive according to genetic screening.
Among infants referred for genetic screening, 4
(0.0052%) had 2 variants of the GJB2 gene, 7 (0.0091%)
had 2 variants of the SLC26A44 gene, and 222 (0.2903%)
carried mtDNA /2SrRNA variants. Among the deafness-
associated variant carriers, 1,817 (2.3764%) were
heterozygous carriers of GJB2, 1,535 (2.0076%) were
heterozygous carriers of SLC26A44, and 247 (0.3230%)
had the GJB3 heterozygous or homozygous variant. A

point worth noting is that 71.43% (5/7) of newborns
with 2 variants of the SLC26A44 gene were screened for
newly added mutations, and as shown in Table S5 (http://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=142), 28.57% (2/7) of newborns with 2 variants
of the SLC26A44 gene passed hearing screening.

In 2019, 35 (14.83%) of 236 neonates who did not
pass hearing screening, either bilaterally or unilaterally,
were also referred for genetic screening. In 2020, 28
(14.97%) of 187 neonates who did not pass hearing
screening, either bilaterally or unilaterally, were also
referred for genetic screening. In addition, 2,037 (4.91%,
2,037/41,454) of the neonates who passed hearing
screening were positive according to genetic screening
in 2019, and 1,663 (4.81%, 1,663/34,583) were positive
according to genetic screening in 2020. Among the
deafness-associated variant carriers, 31 (1.54%) of
2,017 heterozygous mutation carriers were referred for
additional hearing screening in 2019, and 24 (1.47%) of
1,632 heterozygous mutation carriers were referred for
additional hearing screening in 2020. In addition, 99.19%
(123/124) of infants with a m.1555A>G or m.1494C>T
variant in 2019 and 98.98% (97/98) of those newborns in
2020 passed newborn hearing screening.

3.5. Sex-specific results of hearing and genetic screening

www.biosciencetrends.com


https://www.biosciencetrends.com/supplementaldata/142

BioScience Trends. 2023, 17(2):148-159.

153

Table 5. Associations between hearing and genetic screening

Group by year
Genotypes 2019 2020
Total number (%)
Passed hearing ~ Referred for hearing ~ Passed hearing ~ Referred for hearing
screening N (%) screening N (%) screening N (%) screening N (%)
Carrier
GJB2 heterozygote 998 (2.3939) 21 (0.0504) 779 (2.2404) 19 (0.0546) 1,817 (2.3764)
SLC26A44 heterozygote 830 (1.9909) 8(0.0192) 694 (1.9960) 3(0.0086) 1,535 (2.0076)
GJB3 heterozygote 129 (0.3094) 1 (0.0024) 115 (0.3307) 2(0.0058) 247 (0.3230)
GJB2 heterozygote with SLC26A44 23 (0.0552) 1 (0.0024) 15 (0.0431) 0 (0.00) 39 (0.0510)
heterozygote
GJB2 heterozygote with GJB3 0(0.00) 0(0.00) 0(0.00) 0(0.00) 24 (0.0093)
heterozygote
SLC26A44 heterozygote with GJB3 6(0.0144) (0.00) 5(0.0144) 0(0.00) 11 (0.0144)
heterozygote
Pathogenic variants
GJB2 homozygote 0(0.00) 3(0.0072) 0(0.00) 1 (0.0029) 4(0.0052)
SLC26A44 homozygote 0(0.00) 0(0.00) 1(0.0029) 2(0.0058) 3(0.0039)
SLC26A44 compound Heterozygote 1(0.0024) 2 (0.0048) 0(0.00) 1(0.0029) 4(0.0052)
Mitochondrial variants
m.1494 C>T homoplasmy 10 (0.0240) 0(0.00) 7(0.0201) 0(0.00) 17 (0.0222)
m.1555A>G homoplasmy 66 (0.1583) 1 (0.0024) 56 (0.1611) 0 (0.00) 123 (0.1609)
m.1555A>G heteroplasmy 47 (0.1127) 0(0.00) 34 (0.0978) 1 (0.0029) 82(0.1072)
Non-wild type (n) 2,037 (4.8861) 35 (0.0840) 1,663 (4.7829) 28 (0.0805) 3,763 (4.9215)
Wild type (n) 39,417 (94.5479) 201 (0.4821) 32,920 (94.6793) 159 (0.4573) 72,697 (95.0785)
Total for all screened 41,454 (99.4339) 236 (0.5661) 34,583 (99.4622) 187 (0.5378) 76,460 (100.00)

N, number of newborns.

The sex-specific results of hearing and genetic screening
in 2019 and 2020 were analyzed in Table 6. Of the
screened newborns, 51.99% were males and 48.01%
were females in both 2019 and 2020. In 2019, 4.97% of
newborns were referred for genetic screening and 0.57%
were referred for hearing screening. In 2020, 4.86%
newborns were referred for genetic screening and 0.54%
were referred for hearing screening. The referral rates for
genetic screening for females in 2019 (5.07%) and 2020
(4.97%) were higher than the referral rates for males
(4.88% in 2019 and 4.76% in 2020) but not significantly
so (P = 0.384, P = 0.354, respectively). The referral
rates for hearing screening for females in 2019 and 2020
were 0.47% and 0.44%, both of which were lower than
referral rates for males (0.66% in 2019 and 0.63% in
2020), and the rates differed significantly (P = 0.0117
and P = 0.0138, respectively). Taken together, there were
significant differences between females and males only
in hearing screening results.

3.6. Gestational age-specific results of hearing and
genetic screening

The gestational age-specific and gestational age-
standardized results of hearing and genetic screening in
2019 and 2020 were analyzed in Table 7. In 2019, non-
premature babies accounted for 92.90% of the 41,690
neonates, and the remaining 7.10% were premature
neonates. In 2020, non-premature babies accounted
for 92.69% of the 34,770 neonates and 7.31% were

premature ones. The referral rate for genetic screening
for non-premature newborns was 5.02% in 2019, which
was higher than the rate for premature newborns (4.36%)
but not significantly so (P = 0.111). However, positivity
according to genetic screening for nonpremature
newborns was 4.83% in 2020, which was lower than
the positivity for premature newborns (5.31%) but not
significantly so (P = 0.276). The referral rate for hearing
screening for nonpremature newborns was 0.57% in
2019 and 0.54% in 2020, both of which were higher than
the referral rates for premature newborns (0.51% in both
2019 and 2020) but not significantly so (P = 0.6544, P =
0.850, respectively).

4. Discussion

This study analyzed concurrent newborn hearing and
genetic screening results for 76,460 neonates in total.
This study also reported the sex-specific and gestational
age-specific hearing and genetic screening results in the
2 years studied. Here, the trends in hearing screening,
genetic screening, and concurrent screening in the years
studied are discussed. Also discussed is the association
between sex, gestational age, and concurrent hearing and
genetic screening.

4.1. Hearing screening during the 2 years studied

In 2004, the former Ministry of Health issued the
"Technical Specifications for Newborn Hearing
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Table 6. Sex-specific results of hearing and genetic screening in Beijing

Group by year

2019 2020
Genetic screening Male Female Total Male Female Total
N Passed 20,618 19,000 39,618 Passed 17,215 15,863 33,078
(%) 49.46 45.57 95.03 49.51 45.63 95.14
Row (%) 52.04 47.96 52.04 47.96
Column (%) 95.12 94.93 95.24 95.03
N Referred 1,058 1,014 2,072 Referred 860 830 1,690
(%) 2.54 243 4.97 247 2.39 4.86
Row (%) 51.06 48.94 50.89 49.11
Column (%) 4.88 5.07 4.76 4.97

Total 21,676 20,014 41,690 Total 18,075 16,693 34,768

51.99 48.01 100 51.99 48.01 100

2019 2020
Hear screening Male Female Total Male Female Total
N Passed 21,534 19,920 41,454 Passed 17,961 16,620 34,581
(%) 51.65 47.78 99.43 51.66 47.80 99.46
Row (%) 51.95 48.05 51.94 48.06
Column (%) 99.34 99.53 99.37 99.56
N Referred 142 94 236 Referred 114 73 187
(%) 0.34 0.23 0.57 0.33 0.21 0.54
Row (%) 60.17 39.83 60.96 39.04
Column (%) 0.66 0.47 0.63 0.44

Total 21,676 20,014 41,690 Total 18,075 16,693 34,768

51.99 48.01 100 51.99 48.01 100

N, number of newborns; two newborns of an unspecified sex in the 2020 cohort were excluded from the analysis.

Table 7. Gestational age-specific and gestational age-standardized results of hearing and genetic screening in Beijing

Group by year

2019 2020
Genetic Non-premature  Premature Total Non-premature Premature Total
screening Passed 36,786 2,832 39,618 Passed 30,672 2,407 33,079
N 88.24 6.79 95.03 88.21 6.92 95.14
(%) 92.85 7.15 92.72 7.28
Row (%) 94.98 95.64 95.17 94.69
Column (%) Referred 1,943 129 2,072 Referred 1,556 135 1,691
N 4.66 0.31 4.97 4.48 0.39 4.86
(%) 93.77 6.23 92.02 7.98
Row (%) 5.02 4.36 4.83 5.31
Column (%) Total 38,729 2,961 41,690 Total 32,228 2,542 34,770

92.90 7.10 100 92.69 7.31 100

2019 2020
Hearing screening Non-premature ~ Premature Total Non-premature Premature Total
N Passed 38,508 2,946 41,454 Passed 32,054 2,529 34,583
(%) 92.37 7.07 99.43 92.19 7.27 99.46
Row (%) 92.89 7.11 92.69 7.31
Column (%) 99.43 99.49 99.46 99.49
N Referred 221 15 236 Referred 174 13 187
(%) 0.53 0.04 0.57 0.5 0.04 0.54
Row (%) 93.64 6.36 93.05 6.95
Column (%) 0.57 0.51 0.54 0.51

Total 38,729 2,961 41,690 Total 32,228 2,542 34,770

92.90 7.10 100 92.69 7.31 100

N, number of newborns.

www.biosciencetrends.com



BioScience Trends. 2023, 17(2):148-159. 155

Screening (2004 Edition)," which set clear requirements
for institutional settings, personnel, housing and
equipment, as well as clear regulations for hearing
screening, diagnosis, interventions, and quality control
(17). In 2005, the Beijing Children's Hearing Care Expert
Steering Group summarized early hearing detection
and interventions for children ages 0-6 years in Beijing
and it further standardized the hearing screening and
diagnosis for children ages 0-6 years (/8). At this point,
newborn hearing screening and diagnosis constitutes a
system that is being widely implemented and gradually
standardized in all regions. In 2010, the former Ministry
of Health promulgated the "Technical Specifications
for Newborn Hearing Screening (2010 Edition)," which
further promoted the standardization of the program. The
World Health Organization has paid increasing attention
to the Chinese UNHS program and reported in 2017 that
the UNHS program is effective in high-income countries,
including China, at identifying serious problems
promptly (/9).

In 2020, Wen et al. (20) studied the current status of
the UNHS program at 26 facilities in China, and results
revealed that the total referral rate for initial screening
in 2017 (9.21%) was lower than that in 2016 (10.26%).
In the current study, the initial referral rate for hearing
screening decreased in the 2 years studied, from 3.60%
to 3.23%; these rates are lower than those reported by
Wen et al. The reason may be that the newborns included
in the study by Wen ef al. were from different regions
in east, central, and west China, while the newborns
included in the current study were all from Beijing.
The UK's Newborn Hearing Screening Programme
Standards 2016 to 2017 mentioned that a referral rate
within 15% at initial screening in a community program
was acceptable, that a rate within 13.5% was achievable,
and that the rate is a negative polarity standard, meaning
that a lower percentage is considered better (27). The
initial referral rate for hearing screening was 3.60%
and 3.23% in the 2 years studied, both of which were
within the 13.5% recommended by the UK's UNHS
guidelines and which were in line with international
recommendations. In 2019, Dai et al. reported that
6.54% neonates were referred at initial screening and
1.061% of 180,469 neonates were referred bilaterally
or unilaterally for hearing screening (/0). Wang et al.
(22) reported an initial screening referral rate of 6.87%
and an overall failure rate in newborn hearing screening
of 0.748% in 9,755 newborns born in Beijing from
January 2017 to December 2017. The initial referral
rate in the current study was lower than 6.54% and
6.87%; the reason may be due to the quality control of
newborn hearing screening by the Beijing expert group
in recent years and the Beijing Municipal Government's
emphasis on concurrent newborn hearing screening
and genetic screening for deafness, which improved
the quality of screening in 2019 and 2020 compared
to 2013. The overall failure rate of newborn hearing

screening in the current study was 0.57% in 2019 and
0.54% in 2020, both of which were much lower than the
1.061% reported by Dai et al. and the 0.748% reported
by Wang et al. (10,22) In the current study, after follow-
up, all newborns who failed the initial screening were
rescreened at the age of 42 days, and the decrease in the
overall failure rate of newborn hearing screening was
associated with a decrease in the initial screening failure
rate.

4.2. Trends in genetic screening during the 2 years
studied

Genetic screening of newborns for deafness has been
implemented in China for more than 10 years. In 2011,
Wang et al. (23) reported genetic screening for 3 common
genes, mtDNA /28 rRNA, GJB2, and SLC26A44, and
positivity was 2.05% (306/14,913). In 2013, Zhang et al.
analyzed the concurrent hearing and genetic screening
results of 58,397 neonates born in Tianjin. Twenty
common hearing loss-associated mutations of GJB2,
GJB3, SLC26A44, and mtDNA 125 rRNA were screened
for, and they found that 5.52% of infants carried at least
one mutant allele (24). Wu et al. conducted simultaneous
hearing screening and genetic screening for 4 common
deafness-related mutations in 5,173 newborns and found
that 1.6% had conclusive genotypes and 16.2% had a
GJB2 or SLC26A44 mutation (25). Later in 2017, Lu et al.
reported that 1.2% of 1,716 newborns had conclusively
positive genotypes on genetic screening and 20.10%
had a GJB2 or SLC26A4 mutation (26). In 2019, Dai et
al. reported that 4.508% of 180,469 neonates born from
April 2013 to March 2014 were positive according to
genetic screening (/0). Positivity in genetic screening
for deafness was higher in both 2019 (4.970%) and 2020
(4.863%) than the rate reported previously (4.508%),
and this is probably because screening included 6 more
mutations in 2019 and 2020 than in 2013. Positivity in
genetic screening in the current study was higher than the
2.05% reported by Wang et al. in 2011 and lower than
the 5.52% reported by Zhang et al. in 2013; this may due
to differences in genes and mutations that were screened
for. Similarly, positivity in genetic screening for deafness
in the current study was lower than that reported by
Taiwanese researchers; this is probably due to their
genetic screening targeting four common deafness
mutations including p.V37I of GJB2 gene, which has a
high allele frequency in Chinese population. In summary,
the current study reported increasing positivity in
genetic screening for deafness using more powerful gene
microarray chips in 2019 and 2020 than in 2013. These
findings may provide a reference for the development
of genetic screening for deafness in the Chinese Han
population in other regions.

The GJB2 gene is the most common gene that causes
non-syndromic hearing loss (NSHL) (27). Researches
have found that SLC2644 is the second most common
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gene that causes NSHL and is related to an EVA (/2).
The most frequent mutant alleles were those of the
GJB2 gene, SLC26A4 gene, and GJB3 gene in the 2
years studied, in descending order, and this finding was
consistent with the results of previous studies. In 2019
and 2020, 6 mutations of the SLC2644 gene were added
to a chip screening for 9 variants of 4 genes. Therefore,
the frequency of mutant alleles in the SLC2644 gene in
2019 (1.013%) and 2020 (1.015%) was higher than in
2013 (0.809%), suggesting that a microarray to screen
for 15 variants of 4 genes can screen more newborns for
an EVA and may yield better societal benefits.

Early in 2007, Dai et al. conducted a study on
the prevalence of the ¢.235delC mutation in GJB2 in
the Chinese deaf population, and they found that the
¢.235delC mutation in the GJB2 gene caused NSHL in as
much as 15% of patients in certain regions of China (28).
Later in 2008, Dai et al. reported that the ¢.919-2A>G
mutation in the SLC2644 gene alone would identify
the molecular cause in up to 8-12% of individuals with
sensorineural hearing loss in a few eastern and central
regions of China (29). A large population-based cohort
study by Zhang et al. also proved that the c.235delC
mutation in the GJB2 gene was the most common
variant and that the second most common variant was
the ¢.919-2A>G mutation in the SLC26A44 gene in the
Chinese population (30). The most frequent mutant allele
was ¢.235 del C in the GJB2 gene, followed by ¢.919-2
A > G in the SLC26A44 gene in the 2 years studied, and
this finding was consistent with the results of previous
research.

4.3. Concurrent hearing and genetic screening during the
2 years studied

Genetic screening of newborns for deafness makes
up the deficiency of the conventional UNHS program
and allows for early detection of congenital hereditary
hearing loss, drug-sensitive newborns, and carriers of
common deafness-related genes. In 2011, Schuelke
et al. (31) conducted two-step DPOAE screening and
newborn genetic screening for deafness among 1,017
newborns, who were screened for p.V37I and ¢.235delC
in GJB2, ¢.919-2A>G in SLC26A44, and mitochondrial
m.1555A>G. They found that 27.27% (3/11) of babies
who were homozygous for p.V37I, 83.33% (5/6) who
were compound heterozygous for p.V37I and c.235delC,
and 100% (1/1) who were homoplasmic for m.1555A>G
passed hearing screening at birth. Later in 2017, Wu et
al. reported that 56.1% (46/82) of 5,173 newborns with
conclusive genotypes passed hearing screening at birth
and that long-term follow-up identified progressive
hearing loss in children with the GJB2 p.V371/p.V371
and p.V371/c.235delC genotypes (25). Dai et al. reported
that among 4.508% newborns who were born between
2013 and 2014 and who were positive according to
genetic screening, 4.375% passed hearing screening,

25% of infants with pathogenic combinations of GJB2
or SLC26A44 variants, and 99% of infants with an
m.1555A>G or m.1494C>T variant passed routine
newborn hearing screening (10).

Significantly, 71.43% of newborns with 2 variants of
the SLC26A44 gene were identified by genetic screening
for the newly added mutations, and 28.57% of newborns
with 2 variants of the SLC2644 gene passed hearing
screening. This indicates that the chip to screen for 15
variants of 4 genes is superior for concurrent hearing
and newborn screening, and particularly in the early
identification of newborns with deafness-causing
mutations in the SLC26A44 gene because of the 6 newly
added SLC26A44 gene mutations. In the current study, 2
newborns with ¢.2168 A > G/c.2027 T > A compound
heterozygous mutations in the SLC2644 gene in 2019
and a newborn with a ¢.919-2A > G/ ¢.1229 C > T
compound heterozygous mutation in the SLC26A44 gene
in 2020 failed the newborn hearing screening bilaterally
and were later diagnosed with an EVA bilaterally; they
underwent hearing management at the age of three
months. Of note, there was a newborn with ¢.2168 A
> G/c.1975 G > C compound heterozygous mutation
in 2019 who passed the newborn hearing screening
bilaterally and who was later diagnosed with moderately
severe hearing loss in the left ear. In addition, there was
a newborn with a ¢.2027 T > A homozygous mutation
in 2020. According to the Deafness Variation Database
(http://deafnessvariationdatabase.org/), ¢.2027 T > A is
pathogenic and is associated with deafness. However,
the newborn with a ¢.2027 T > A homozygous mutation
passed the newborn hearing screening bilaterally and
was later diagnosed with normal hearing at the age of
11 months. Computed tomography of the temporal bone
revealed no enlargement of the vestibular aqueduct
bilaterally and poor medial parietal morphology of the
cochlea bilaterally. This case is currently being followed
further. The mutations ¢.2027 T > A, ¢.1229 C > T,
and c.1975 G > C, which were newly added to genetic
screening in 2019, were identified, which allowed
these families to directly benefit from early etiological
diagnosis and early intervention.

Moreover, 4.91% and 4.81% of neonates who passed
hearing screening but were positive according to genetic
screening in the 2 years studied and 28.57% of newborns
with 2 variants of the SLC2644 gene passed hearing
screening. After hearing follow-up, a newborn with 2
pathogenic combinations of SLC26A44 variants was found
to exhibit sensorineural hearing loss, implying that the
baby's hearing at birth might have been normal or near
normal and could not have been detected by newborn
hearing screening. Wang et al. also reported that genetic
screening identified 13% more hearing-impaired infants
than hearing screening alone and that it identified 0.23%
of newborns predisposed to preventable ototoxicity
undetectable by hearing screening (32). In 2020, Zhang
et al. analyzed 22 studies related to concurrent hearing
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and genetic screening in neonates in China and reported
a pooled prevalence of passing the UNHS while failing
genetic screening of 0.22%, while the pooled prevalence
of passing the UNHS with the MT-RNR1 variant
was 0.20% (33). The range of variation in this rate of
neonates passing hearing screening but testing positive
according to genetic screening was small and relatively
stable over the 2 years studied. However, the wide range
of variation in the rate of newborns with 2 pathogenic
combinations of GJB2 or SLC26A4 variants who passed
newborn hearing screening may be due to differences
in the sample size of the 2-year period studied and
few newborns carrying the pathogenic mutations. Six
newborns screened positive for pathogenic mutations in
2019 and 5 screened positive in 2020. The rates in the
current study were all lower than the 83.33% and 56.1%
reported by Wu et.al. (25, 31); the reason might be the
differences in the screened population and the variants
screened for. The screened population reported by Wu
et al. was the Taiwanese population and the mutations
screened for were p.V37I and ¢.235delC in GJB2, ¢.919-
2A>G in SLC26A44, and mitochondrial m.1555A>G,
whereas p.V371 was mainly associated with mild to
moderate hearing loss (34). In addition, 98.98% and
99.19% of infants with a m.1555A>G or m.1494C>T
variant passed newborn hearing screening in the current
study, and this finding was consistent with the 100%
reported by Schuelke ez al. (37). These newborns are
all potentially sensitive to aminoglycoside antibiotics,
and their hearing may be compromised by even small
amounts of such drugs (/0). This indicates that genetic
screening for deafness can identify such newborns early,
guide medication, and minimize the incidence of drug-
related deafness.

4.4. Association between sex and gestational age and
hearing loss

According to the World Report on Hearing published
by the World Health Organization in 2021, causative
factors that lead to hearing loss across the course of one's
life include genetic factors and intrauterine infections
during the prenatal period, hypoxia or birth asphyxia,
hyperbilirubinemia, a low birth weight, perinatal
infections, and receiving ototoxic medicines during the
perinatal period (/).The 12 separate factors f hearing loss
were listed by the Joint Committee on Infant Hearing
in 2019 and included 9 predominantly perinatal risk
factors and 3 postnatal risk factors, including family
members being deaf or hard of hearing with onset in
childhood, infants requiring care in the NICU or special
care nursery for more than 5 days, hyperbilirubinemia,
aminoglycoside administration for more than 5 days,
perinatal asphyxia, and in-utero infections (35).

Nie et al. explored the risk indicators of newborn
hearing loss and found that there were 3 high-risk
indicators associated with newborn hearing loss: a family

history of hearing loss, craniofacial anomalies, and
receiving care in the NICU (36). Yu ef al. investigated
the correlation between genetic abnormalities causing
deafness and high-risk factors for hearing loss, and
they reported that detection of gene mutations causing
deafness was highest among children with a family
history of congenital hearing loss (37). The referral
rates for genetic screening for females and males in the
2 years studied did not differ significantly, suggesting
that sex may not be directly associated with the results
of genetic screening for deafness, but a family history
of deafness that may be relevant was not included in
the analysis in the current study. Studies have reported
that passing rates on the UNHS were higher for female
infants than for male infants (38,39). Fitzgibbons et
al. predicted hearing loss from 10 years of universal
newborn hearing screening results and risk factors, and
they found that factors significantly associated with
permanent childhood hearing loss included being female
and bilateral referral as a result of screening (40). The
finding that the referral rate for hearing screening was
lower for females than for males in the 2 years studied
was consistent with results reported by Yan ef al. and
Li et al. but was inconsistent with the results reported
by Fitzgibbons ef al. This may be due to differences in
newborn hearing screening protocols, with the TEOAE
or DPOAE technique being used for initial screening in
this study, whereas Fitzgibbons et al. used a two-stage
AABR screening protocol.

There were no significant differences in referral rates
after the results of genetic and hearing screening were
stratified by prematurity, suggesting that there may not
necessarily be an association between prematurity and
positivity in genetic screening for deafness. Sabbagh et
al. reported that the main risk factors for hearing loss
included a low gestational age (<35 weeks) (41). In the
current study, preterm delivery was defined as less than
37 weeks of gestation. The current results indicated that
preterm birth may not be a risk factor for hearing loss.
Further study is warranted to investigate a more detailed
definition of preterm delivery specifically for hearing
and genetic screening.

5. Conclusions

In summary, the highlights and strengths of the current
study lies in its analysis of the trends in concurrent
newborn hearing and deafness genetic screening in
different years. For the first time, a study has analyzed
the advantages of a chip to screen for 15 variants of
4 genes. Findings suggest that the quality of newborn
hearing screening improved in 2019 and 2020 and that a
chip to screen for 15 variants of 4 genes has advantages
in early identification of newborns with deafness-causing
mutations in the SLC26A44 gene. This chip can screen
more newborns for large vestibular aqueduct syndrome
at an early stage. These findings provided a reference
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for other regions where genetic screening for deafness is
proposed.
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SUMMARY

Neoadjuvant chemotherapy (NAC) is generally accepted for treatment of liver metastasis of colorectal
cancer (CRLM), but what is a reasonable interval between the latest NAC and surgery is still
unknown. The aim of the current study was to investigate the proper timing of surgery after NAC.
Subjects were 141 patients with CRLM who underwent NAC and then surgery were retrospectively
identified from 2008 to 2020. They were divided into a short interval group (SIG, < 4 weeks) and
long interval group (LIG, > 4 weeks) using the software X-tile. The SIG was subclassified group
into 3 time periods (1-2 weeks, 2-3 weeks, and 3-4 weeks) to assess the incidence of complications.
Patients in the SIG were more likely to have significantly better recurrence-free survival (RFS) (3-year
RFS of 47.4% vs. 20.5%, P = 0.043) and no difference in overall survival (OS) (3-year OS 76.1% vs.
79.9%, P = 0.635). The postoperative complication rate was 23.5% in the SIG and 14.0% in the LIG
(P = 0.198). The postoperative complication rate in the 1-2 weeks subgroup was marginally higher
than that in the > 4 weeks subgroup (35% vs. 14.3% P = 0.055). Multivariate analysis revealed that
chemotherapy-free intervals of 1-2 weeks were an independent predictor of increased postoperative
complications (OR = 0.263, 95% CI 0.7-0.985 P = 0.048). Patients who underwent surgery within
4 weeks of NAC had better RFS. In addition, 1-2 weeks was an independent factor influencing the
development of more complications. For patients with CRLM, performing surgery within 2-4weeks
of NAC was feasible and safe, and it did not increase the incidence of postoperative complications

but it did prolong RFS.

Keywords

1. Introduction

Colorectal cancer (CRC) is the world's most common
tumor of the digestive tract, with more than 550,000
deaths each year (/,2). The liver is the most frequent
metastatic site of CRC and liver metastasis of
colorectal cancer has a worse prognosis. Due to its
anatomical characteristics, liver metastasis will be
detected in up to 30-50% of patients as the disease
progresses (3,4). Surgery plays a dominant role in
radical therapy (5). However, about a quarter of people
with CRLM are candidates for radical liver resection
(6). For patients with resectable CRLM, NAC
combined with surgical resection is increasingly being
advocated and has been proven to prolong patients'
recurrence-free survival (RFS) (7,8). Although NAC
is recommended for those who were diagnosed with
CRLM with a high clinical risk score (CRS) according
to the guidelines of the Chinese Society of Clinical

colorectal cancer, liver metastasis, neoadjuvant chemotherapy, chemotherapy-free interval

Oncology (CSCO), the National Comprehensive
Cancer Network (NCCN), and the European Society
for Medical Oncology (ESMO), a consensus on the
proper interval between NAC and surgery has yet
to be reached (9-12). Related studies have analyzed
the effect of the interval length on efficacy. Sutton
et al. (13) concluded that intervals longer than 2
months lead to worse RFS and OS. Chen ef al. (14) in
2020 noted better oncology outcomes with intervals
of less than 5 weeks. However, adverse effects
of neoadjuvant chemotherapy (NAC) can worsen
intraoperative bleeding, such as oxaliplatin-induced
hepatic sinusoidal dilatation and irinotecan-induced
fatty liver (15,16). Welsh et al. (17) found that patients
who had liver resection within 4 weeks of NAC had
the highest incidence of postoperative complications.
A long duration of systemic therapy may promote the
progression of disease. The most appropriate timing
for surgery needs to be investigated.
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2. Materials and Methods
2.1. Patient selection

Patients with CRLM who underwent hepatectomy
after NAC between 2008 and 2020 at Zhejiang
Cancer Hospital were retrospectively studied. All
patients were confirmed to be potential candidates
for resection before receiving NAC. Patients who had
received preoperative radiotherapy or transcatheter
arterial chemoembolization (TACE) or who had
extrahepatic metastases or positive surgical margins
were excluded. CRLM was verified by pathology and
immunohistochemistry. The baseline characteristics,
perioperative data, and NAC regimens were acquired
from the electronic medical record system of Zhejiang
Cancer Hospital. In compliance with the declaration of
Helsinki, this study was conducted with the approval
of the medical ethics committee of Zhejiang Cancer
Hospital.

Surgery was selected for appropriate patients after
NAC based on tumor resectability and the physical
condition of the patient. The majority of patients
underwent less than 6 cycles of NAC in this 3-month
period. The regimens of NAC consisted of capecitabine,
5-fluorouracil, oxaliplatin, and irinotecan. Patients who
received NAC along with bevacizumab all underwent
surgery after stopping the drug for more than six weeks.

2.2. Procedure

For the patients who underwent liver and colorectal
resection simultaneously, colon or rectal radical
resection was performed by the surgeon of the
department of colorectal surgery. A resection of less
than 3 Couinaud segments was defined as minor liver
resection; otherwise, it was defined as major liver
resection. The low central venous pressure (CVP)
technique was used to reduce intraoperative bleeding.
The Pringle maneuver was use to block hepatic inflow,
which was limited to 15 min, and the interval between
blocking was more than 5 min. An ultrasonic scalpel
was used to transect liver parenchyma.

2.3. Definitions

Multiple metastases refer to more than 1 lesion in
the liver. RFS was defined as the period of time from
surgery to the first diagnosis of tumor recurrence. OS
was defined as the duration from surgery to the time
of death or the last follow-up. The chemotherapy-free
interval (CFI) was defined as the interval from the end
of the last NAC to surgery. Postoperative complications
included bleeding, liver-related complications, and
infectious complications. Liver-related complications
included a bile leak, ascites, or postoperative liver
dysfunction (international normalized ratio (INR)

elevated more than 1.8-fold the normal upper limit or
total bilirubin elevated more than 3-fold the normal
upper limit) (/8). A surgical site infection, urinary tract
infection, or pneumonia were all considered infectious
complications. The Clavien-Dindo classification was
used to classify the severity of each postoperative
complication.

2.4. Data collection and follow-up

The baseline characteristics of the patients included
their age, sex, comorbidities, carcinoembryonic
antigen (CEA), the maximum tumor size, and TNM
stage. Chemotherapy-related variables included NAC
cycles and targeted therapy. Surgery-related variables
included the procedure (open or endoscopic), range of
hepatectomy (minor or major), intraoperative blood
loss, and operating time. The follow-up cut-off date was
set at January 31, 2022. Follow-up examinations should
consist of a serology based on tumor markers, as well as
contrast-enhanced CT or MRI scans. These evaluations
should be conducted every 3 months in the first 2 years,
and then every 6 months for up to 5 years. If recurrence
is detected, the subsequent treatment can be determined
based on the effectiveness of preoperative NAC, or
other treatments such as radiofrequency ablation or
TACE were available.

2.5. Statistical analysis

The statistical software SPSS (IBM SPSS, version 25.0)
was used for statistical analysis. Continuous variables
were expressed as the median and interquartile range
(IQR), while categorical variables were expressed as
numbers with percentages. The Mann-Whitney U test
was used to compare continuous variables between
groups, while Pearson's chi-squared test was used to
compare categorical variables. A P value of < 0.05 was
considered to be significant. An analysis of differences
in OS and RFS was performed using the Kaplan-Meier
method. X-tile (Yale University School of Medicine,
New Haven, Connecticut, USA) (/9) was used to
analyze the survival data to determine the appropriate
cut-off value for grouping. Logistic regression was
used for univariate analysis, and multivariate analysis
was performed with factors with a P value < 0.1 from
univariate analysis. Multivariate analysis using logistic
regression included a number of variables, and variables
with a P < 0.05 were considered independent predictors
of postoperative complications.

3. Results
3.1. Clinical characteristics

A total of 141 patients with CRLM consisted of 104
males and 37 females, and the median age was 58.0
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years (IQR: 50-66). Sixty-five patients (46.1%) had
primary tumors located in the colon. Forty-five tumors
were in the left colon and 20 were in the right colon.
Synchronous liver metastases were diagnosed in 110
patients (78.0%). Multiple liver metastases were noted
in 97 patients (68.8%). Oxaliplatin-based regimens were
used in 103 patients (73.0%). Moreover, 45 patients
(31.9%) received targeted drugs (22 bevacizumab and
23 cetuximab) as well. All details are listed in Table 1.

3.2. The best cut-off value for the timing of surgery

X-tile analysis was used to determine the best cut-
off value for CFI based on patients' RFS (Figure 1).
The optimal point of CFI was4 weeks, which was
determined to be the best cut-off point for the interval
for predicting recurrence. Thus, all patients were
divided into two groups: a short interval group (SIG,
<4 weeks, n = 98) and a long interval group (LIG, > 4
weeks, n = 43). The clinicopathologic characteristics are
summarized in Table S1 (http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=143).
There were no significant differences between the two
groups in albumin levels, body mass index (BMI),
comorbidities, preoperative CEA levels, the diameter of
metastases, whether liver resection was major or minor,
or other factors.

3.3. Clinical characteristics of subgroups

Table 1. Baseline characteristics of patients

Items n=141(%)

Patient-related variables

Age > 60 years 63 (44.7)
Male 104 (73.8)
BMI > 24 43 (30.5)
Comorbidity 46 (32.6)
ALB > 40 g/L 109 (77.3)
Child-Pugh A classification 140 (99.3)
Tumor-related variables
CEA > 3 Ong/mL 37 (26.2)
Synchronous liver metastasis 110 (78.0)
Colon 65 (46.1)
Multiple liver metastasis 97 (68.8)
Diameter of metastases > 5 cm 27 (19.1)

T3-4 134 (95.0)

Node-positive primary tumor 104 (73.8)

Poor differentiation 36 (25.5)
Chemotherapy-related variables

OX-based regimens 103 (73.0)

NAC toxicity 22 (15.6)

NAC cycle > 6 33(23.4)

Targeted therapy 45 (31.9)
Procedure-related variables

Simultaneous resection 7(5.0)

Major liver resection 58 (41.1)

Open surgery 41(29.1)

BMI: body mass index; ALB: albumin; CEA: carcinoembryonic
antigen; T3-4: The TNM staging of colorectal cancer primary tumor
is stage 3 or 4; OX: oxaliplatin; NAC: neoadjuvant chemotherapy.

Subgroup analysis was performed to determine the
incidence of postoperative complications in different
CFI. To further analyze the incidence of complications
within 4 weeks, the SIG group was divided into three
subgroups: a CFI of 1-2 weeks, a CFI of 2-3 weeks,
and a CFI of 3-4 weeks. Doing so allowed investigation
of the incidence of postoperative complications that
occurred within a 4-weck period in each of these
subgroups. The clinicopathologic characteristics of
subclassification are shown in Table 2. There were no
marked differences in clinicopathologic characteristics
between subgroups, except for the albumin level,
chemotherapy regimen, and targeted therapy. In
addition, there were no significant differences in the
albumin level and chemotherapy regimen between the
SIG and LIG.

3.4. Short-term outcomes in subgroups

Intraoperative findings in the 4 groups are shown
in Table 3. No intraoperative mortality occurred.
Intraoperative bleeding, the operating time, and the
duration of postoperative hospitalization did not differ
significantly among the 4 groups.

A total of 29 patients developed postoperative
complications, which occurred in 23 patients (23.5%)
in the SIG and 6 patients (14.0%) in the LIG (P =

Larger Low Population

uoseindog b sabse

(8) ' ©)

siuanedjo oN
fenming %
3

interval (days) Survival Time (Years)

Figure 1. X-tile plots of the interval between finishing
neoadjuvant chemotherapy and liver resection. X-tile plots show
log-rank values with cut points, with the data divided into low
and high groups. (A), The X-axis represents all potential cut-off
values from low to high that define a low subset, whereas the Y-axis
represents cut-off values from high to low that define a high subset.
Red coloration of cut-off values indicates an inverse correlation with
time to recurrence, and green coloration represents direct associations.
The optimal cut-off value occurs at the brightest pixel according to a
chi-square test. (B), A histogram of the entire cohort divided into low
and high subgroups depending on the optimal cut-off value (4 weeks).
(C), A Kaplan-Meier plot of RFS produced by the optimal cut-off
value of CFI. Blue represents the SIG, and gray represents the LIG.
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Table 2. Baseline characteristics in subgroups

1-2 weeks 2-3 weeks

3-4 weeks > 4weeks

ftems n=20 (%) n=41(%) n=36 (%) n=43 (%) it
Patient-related variables
Age > 60 years 5(25) 22 (53.7) 16 (44.4) 20 (46.5) 0.211
Male 12 (60) 33 (80.5) 23 (63.9) 36 (83.7) 0.072
BMI > 24 5(25) 10 (24.4) 16 (44.4) 12 (27.9) 0.219
Comorbidity 7 (35) 13 (31.7) 10 (27.8) 15 (34.9) 0.910
ALB > 40g/L 15 (75) 26 (63.4) 33(91.7) 35(81.4) 0.025
Child-Pugh A classification 20 (100) 40 (97.6) 36 (100) 43 (100) 0.488
Tumor-related variables
CEA > 30 ng/mL 6 (30) 9(22) 12 (33.3) 10 (23.3) 0.646
Synchronous liver metastasis 18 (90.0) 30(73.2) 29 (80.6) 32(74.4) 0.444
Colon 10 (50) 21(51.2) 14 (38.9) 19 (44.2) 0.714
Multiple liver metastasis 13 (65.0) 30(73.2) 24 (66.7) 30 (69.8) 0.900
Diameter of metastases > 5 cm 5(25) 7(17.1) 8(22.2) 7 (16.3) 0.802
T3-4 20 (100) 36 (87.8) 35(97.2) 42 (97.7) 0.088
Node-positive primary tumor 17 (85.0) 29 (70.7) 26 (72.2) 31 (72.1) 0.660
Poor differentiation 4 (20) 10 (24.4) 8(22.2) 14 (32.6) 0.645
Chemotherapy-related variables
OX-based regimens 19 (95.0) 34 (82.9) 22 (61.1) 28 (65.1) 0.012
NAC toxicity 2 (10) 10 (24.4) 3(8.3) 7(16.3) 0.229
NAC cycle > 6 5(25.0) 10 (24.4) 8(22.2) 10 (23.3) 0.994
Targeted therapy 5(25.0) 8(19.5) 9 (25.0) 23 (53.5) 0.004
Procedure-related variables
Simultaneous resection 1(5.0) 1(2.4) 4(11.1) 1(2.3) 0.257
Major liver resection 7 (35.0) 18 (43.9) 16 (44.4) 17 (39.5) 0.887
Open surgery 16 (80.0) 32 (78.0) 23 (63.9) 29 (67.4) 0.401

BMI: body mass index; ALB: albumin; CEA: carcinoembryonic antigen; T3-4: The TNM staging of colorectal cancer primary tumor is stage 3 or 4;

OX: oxaliplatin; NAC: neoadjuvant chemotherapy.

Table 3. Short-term outcomes in subgroups

Items 1-2 weeks 2-3 weeks 3-4 weeks > 4 weeks P
(n=19) (n=40) (n=33) (n=41)
Intraoperative bleeding (mL); median (IQR) 200 (100-400) 350 (100-575) 200 (100-400) 300 (150-400) 0.453
Operating time (min); median (IQR) 152 (104-186) 148 (123.25-203) 142 (113-231.5) 166 (130-202)  0.535
Duration of postoperative hospitalization (days); 8 (6.25-11.75) 7 (6-10) 7 (5-10.5) 8 (6-10) 0.626
median (IQR)
IQR: inter-quartile range
Table 4. Postoperative complications in subgroups
Complications 1-2 weeks 2-3 weeks 3-4 weeks > 4 weeks P
P n=20 (%) n=41(%) n=36 (%) n=42 (%)
Overall 7(35.0) 8(19.5) 8(22.2) 6(14.3) 0.288
Abdominal infection 2 (10.0) 4(9.8) 2 (5.6) 1(2.4)
Surgical site infection 1(5.0) 0(0.0) 1(2.8) 1(2.4)
Urinary tract infection 0(0.0) 1(2.4) 0(0.0) 0(0.0)
Postoperative bleeding 1(5.0) 2(4.9) 0(0.0) 3(7.1)
Bile leak 0(0.0) 1(24) 1(2.8) 0(0.0)
Hepatic insufficiency 0(0.0) 1(2.4) 1(2.8) 0(0.0)
Pleural effusion 3(15.0) 0(0.0) 3(8.3) 2 (4.8)
Ileus 0(0.0) 0(0.0) 0(0.) 1(2.4)

0.198). All postoperative complications were mild. No
mortality was reported within 30 days postoperatively.
Although the incidence of postoperative complications
in the CFI of 1-2 weeks group was higher than that in
the CFI of > 4 weeks group (35% vs. 14.3%, P = 0.055),
the difference was not significant. The complications
that occurred are shown in Table 4.

The association between postoperative
complications and baseline characteristics is shown in
Table 5. In univariate analyses, a CFI of 1-2 weeks (P
=0.062) and ALB <40 g/L (P = 0.025) were associated
with complications. In multivariate analyses, a CFI of
1-2 weeks (OR = 0.263, 95% CI:2.70-0.985, P = 0.048)
and ALB > 40 g/L (OR = 0.341, 95% CI:0.124-0.945,
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Table 5. Prognostic factors for postoperative complications

Items Univariate OR (95% CI) P Multivariate OR (95% CI) P
interval > 4 weeks ref ref

interval of 3-4 weeks 0.568 (0.177-1.823) 0.341 0.516 (0.148-1.799) 0.299
interval of 2-3 weeks 0.669 (0.210-2.129) 0.496 1.154 (0.319-4.167) 0.827
interval of 1-2 weeks 0.301 (0.085-1.062) 0.062 0.263 (0.70-0.985) 0.048
Age > 60 years 1.406 (0.620-3.191) 0.415

Male 1.111 (0.430-2.874) 0.827

BMI > 24 0.663 (0.259-1.695) 0.391

Comorbidity 0.611 (0.240-1.559) 0.303

ALB > 40 g/L 0.360 (0.147-0.878) 0.025 0.341 (0.124-0.945) 0.038
CEA > 30 ng/mL 1.077 (0.430-2.697) 0.874

Synchronous liver metastasis 2.009 (0.642-6.288) 0.231

Colon 1.615 (0.710-3.677) 0.253

Multiple metastasis 0.663 (0.259-1.695) 0.391

Simultaneous resection 3.087 (0.650-14.645) 0.156

Diameter of metastases > 5cm 1.845 (0.712-4.781) 0.208

Major liver resection 1.192 (0.523-2.717) 0.677

T3-4 1.600 (0.185-13.841) 0.669

Node-positive primary tumor 0.501 (0.210-1.194) 0.119

Targeted therapy 1.384 (0.590-3.244) 0.455

Child-Pugh A classification / /

NAC toxicity 2.639 (0.982-7.093) 0.054 2.640 (0.849-8.215) 0.094
NAC cycle > 6 1.040 (0.399-2.709) 0.936

Poor differentiation 1.129 (0.450-2.834) 0.796

Open surgery 0.591 (0.221-1.582) 0.295

BMI: body mass index; ALB: albumin; CEA: carcinoembryonic antigen; T3-4: The TNM staging of colorectal cancer primary tumor is stage 3 or 4;

OX: oxaliplatin; NAC: neoadjuvant chemotherapy.

P = 0.038) were definitely independent indicators for
postoperative complications.

3.5. Survival analysis

Seventy-nine patients (56%) experienced tumor
recurrence, and 31.2% of patients had died before the
cut-off time. Median OS was 35 months (IQR:26-55),
and median RFS was 13 months (IQR:5-26). Patients
in the SIG were more likely to have significantly
better RFS (3-year RFS 47.4% vs. 20.5%, P = 0.043)
(Figure 2A). There were no significant differences in
RFS among the 4 subgroups (P = 0.103). However, the
median RFS of patients with a CFI of 3-4 weeks was
17 months (IQR: 22.35-38.75) vs. 12 months (IQR:4.5-
18.5) for patients with a CFI of > 4 weeks (P = 0.01)
(Figure 2B). There were no significant differences in
OS among the 4 subgroups (Figure 2C).

4. Discussion

To the extent known, the proper timing for patients
with CRLM to undergo hepatectomy after their last
chemotherapy had never been defined. Published
guidelines and consensus opinions were consulted for
this study, but none recommended a proper interval
between the last NAC and surgery. Two aspects of the
interval need to be taken into account.

Initially, anti-cancer drugs can result in varying
degrees of hepatocellular injuries, such as oxaliplatin-
induced hepatic sinusoidal dilatation and irinotecan-

induced fatty liver (20,21). The primary concern with
reducing the preoperative CFI was that liver injury
caused by chemotherapy drugs may affect the surgical
process and postoperative recovery (including increased
intraoperative bleeding and a longer operating time)
(22). However, Takeshi ef al. (23) reported that liver
function will return to normal after more than 2-4 weeks
following the cessation of chemotherapy. Welsh et al.
(17) found that patients who had liver resection within 4
weeks of NAC had the highest incidence of postoperative
complications. This is consistent with the finding of
the current study that an increase in postoperative
complications in patients with a CFI of up to 4 weeks
mainly occurred in patients with a CFI of up to 2 weeks.

In addition, NAC was considered to be the
standard treatment for CRLM before surgery based on
published studies (24-27). However, a prolonged CFI
may increase the chances of recurrence and worsen
prognosis (28). Adam et al. (29) found that disease
progressed in about 25% of patients during the interval
between NAC and surgery. Another study found that
the cohort of patients who underwent resection more
than 5 weeks after NAC, compared to the group
that underwent less than 5 weeks after, had a worse
pathological reaction and worse RFS (30). Thomas et
al. (13) concluded that surgery within 2 months of NAC
improved long-term outcomes.

In the current study, 4 weeks was the appropriate
cut-off point for the assignment of patients to the
SIG or LIG by X-tile analysis. In terms of short-
term outcomes, there were no significant differences
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Figure 2. (A), Kaplan-Meier survival curve for RFS of the SIG
and LIG. (B), Kaplan-Meier survival curve for RFS of subgroups.
(3-4weeks vs. > 4weeks p = 0.01). (C), Kaplan-Meier survival
curve for OS of subgroups.

between subgroups, including intraoperative bleeding,
operating time, and the duration of postoperative
hospitalization. Outcomes revealed that short intervals
after NAC did not worsen perioperative data. However,
the postoperative complication rate in the 1-2 weeks
subgroup was marginally higher than that in the > 4
weeks subgroup (35% vs. 14.3% P = 0.055) according
to subgroup analyses. In addition, 1-2 weeks was an
independent indicator for postoperative complications
according to multivariate analyses.

The current study found that patients in the SIG
had a better 3-year RFS (47.4% vs. 20.5%, P = 0.043).
However, the 3-year OS was not correlated with the
length of the interval (76.1% in the SIG vs. 79.9% in
the LIG, P = 0.635). Differences between RFS and OS
might be explained by several factors. To start with,

recurrence of colorectal cancer after hepatic resection
was caused by the unique biological characteristics of
the disease, since liver metastasis will be detected in
about half of patients as the disease progresses. RFS
does not intuitively reflect the OS (37,32). Oba et al.
argued that the time to recurrence of an unresectable
tumor is strongly associated with the OS (33). The
OS is a composite endpoint that is heavily affected
by treatment, whether conservative or surgical (24).
Although tumor progression leading to patient death
remains the primary cause of mortality, the prolonging
of OS has resulted in an increase in non-tumor-related
deaths. This is also a significant factor affecting
the differences between the RFS and OS. More
chemotherapy drugs and targeted drugs are often used
during the first recurrence in patients electing to undergo
surgery, and this could have affected the OS. The
development and use of tumor immune targeted therapy
has reduced the role of surgery in the patient's prognosis
and significantly improved OS (34,35).

This study found that a CFI < 4 weeks is associated
with better RFS, and 1-2 weeks was an independent
factor influencing the development of complications.
Having balanced postoperative complications and
oncological outcomes, the best interval between NAC
and surgery was 2-4 weeks. Other studies have also
indicated that the appropriate timing of surgery after
NAC improved patient prognosis. Although factors
such as chemotherapy regimens and targeted drug use
will affect the interval, the impact of other factors on
the CFI should be minimized.

As a single-center retrospective study, the current
study has several limitations. First, bias with respect to
the determination of resectability by different doctors
could not be completely ruled out. All of the current
patients had resectable CRLM, the toxicity of NAC,
whether targeted therapy was used or not, and the
patient's performance status may have influenced the
timing of surgery. Second, there were differences in the
choice of chemotherapy regimens in the 2 groups, and
the decision was generally reached through conversations
between patients and their doctors. Targeted drugs such
as bevacizumab need to be stopped for more than 6
weeks, which is also a factor affecting the operating time.
Third, this study had a small sample size. Larger samples
and multicenter randomized controlled trials are needed
to confirm the current results.
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SUMMARY

Keywords

Endometriosis is a chronic inflammatory disease. The immune-checkpoint molecules CD226 and
TIGIT play an important role in regulating T cells' function. However, little is known about the
proportion and function of CD226 and TIGIT on CD4" T cells in endometriosis. The current study
found no significant differences in the TIGIT percentage on peripheral CD4" T cells between patients
with endometriosis and the control group. However, CD226 was lower in patients with endometriosis
than that in the control group (P < 0.01). The cytokines TNF-a, IL10, and IFN-y were significantly
elevated in TIGIT" CD4" T cells compared to TIGIT- CD4™ T cells. HLA-DR" cells were more
numerous among TIGIT" CD4" T cells than among the TIGIT- subset (P <0.001). Similarly, the
cytokines TNF-a, IL10, and IFN-y were significantly elevated in CD226" CD4" T cells compared
to levels in CD226- CD4" T cells. The proportion of HLA-DR" CD4" T cells among CD226" CD4"
T cells was also significantly higher than that among the CD226- subset (P < 0.001). After TIGIT
was blocked, the level of IL-10 in TIGIT CD4" T cells was higher than that in cells with unblocked
TIGIT. There were no differences in TNF-a and IFN-y. After CD226 was blocked, TNF-o and IFN-y
were lower while IL-10 was higher. In conclusion, there is a diminution of CD226 in CD4" T cells in
patients with endometriosis. This is correlated with the effector function of CD4" T cells, and blocking
CD226 can suppress this function.

TIGIT, CD226, endometriosis, CD4" T cells

Endometriosis is a chronic inflammatory disease in which
proinflammatory factors and chemokines in the local
immune microenvironment are involved in normal and
pathologic immune regulation (/), and this abnormal
immune status is also reflected in peripheral blood
(2). The T-cell immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domain (TIGIT) is an
immunosuppressive molecule discovered in 2005 (3) that
is associated with T-cell activation and suppression (4).
This receptor molecule mediates inhibitory signals by
interacting with the ligands CD155 and CD112. TIGIT
has been proven to exist mainly on activated T cells
(5) and to play a role in suppressing immune effects in
tumors, immune-related physiology, or in various diseases
(6). CD226 (DNAM-1) is a co-stimulatory molecule that
interacts with CD155 to activate TCR, that promotes Th1-
related signal transduction, that enhances the effector

function of NK cells, and that promotes CD4'T cells
to produce the proinflammatory cytokine interferon y
(IFN-y) (7).

Although abnormal expression of TIGIT/CD226 in
some immune-related diseases has been reported, there
are few existing reports concerning both molecules
regarding their expression and possible role(s) in
endometriosis. Thus, the current study evaluated the
molecular expression, state of activation, and cytokine
production of the two immune-checkpoint molecules
on CD4" T cells in endometriosis in order to provide
data to elucidate the development and progression of
endometriosis.

Subjects were patients and female controls who met
the following inclusion criteria and exclusion criteria.
Inclusion criteria: The patients were diagnosed by a
gynecologist, through clinical manifestations, ultrasound
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or some other imaging exam, laparoscopy, or the like. To
reduce the influence of age, subjects between the ages of
20 and 45 were selected. Exclusion criteria: Patients with
diseases that might cause serious changes in the immune
system were excluded. Patients with chromosomal
diseases were excluded. Patients with unavailable data
were also excluded. The control group: Healthy women
seen at this hospital for a pre-pregnancy checkup were
included as healthy controls; these women were age-
matched to patients, had no chromosomal or immune
system-related diseases, and consented to participate in
this study.

Venous blood was anticoagulated with EDTA, and
peripheral blood mononuclear cells were extracted using
Ficoll-Paque lymphocyte separation medium (Huajing,
Shanghai, China) and frozen in a —80°C freezer. When
a particular number of patients was selected, the frozen
cells were rewarmed and suspended in RPMI 1640 for
subsequent use.

Antibodies were purchased from BD BioLegend
(San Diego, California, USA) and included CD3 APC-
CY7, CD4 BV510, CD25 PE, TIGIT FITC, CD226-
BV785, HLA-DR APC, TNF-a PE-CY7, IFN-y-PE-
Cy5.5, and IL10 BV421. Intracellular cytokines were
stimulated before testing. Leukocyte Activation Cocktail
(BD Biosciences, Franklin Lakes, NJ, USA) was used
to stimulate them in accordance with the manufacturer's
instructions. Then, cytokine antibodies TNF-a. PE-CY7,
IFN-y-PE-Cy5.5, and IL10 BV421 were added. Before
stimulation, the cells were blocked or not blocked with
anti-TIGIT or anti-CD226 antibodies.

The software GraphPad Prism Version 5.0 (GraphPad,
San Diego, CA, USA) and SPSS 19 were used for
statistical analysis and graphs. Variables with a normal
distribution were expressed as the mean+standard
deviation (X = SD), and variables with an abnormal
distribution were expressed as a median and range.
Differences between the 2 groups were analyzed using a
t-test or chi-square test. The Mann—Whitney U test was

Table 1. Clinical data on subjects

P Control group Patients with
arameters o

(n=24) endometriosis (n = 23)
Age (years) 36 +4.47 35+5.04
CA125 (U/mL) 27.92 (4.89-63.22)  27.43 (3.64-73.19)
HE4 (pmol/L) 39.11 (15.01 - 137.00) 54.83 (22.02 - 116.75)
CRP (mg/L) 3.40(0.8-8.72) 1.84 (0.8 - 13.64)
SAA (mg/L) 6.34 (2.65 - 22.75) 7.00 (2.45 - 23.76)

WBCs (x 10°/L)
Neutrophils (x 10°/L)
Lymphocytes (x 10°/L)

6.51+1.56
3.36(2.22-5.93)
235 (1.11 - 3.49)

6.20+1.95
4.00 (1.81 - 9.94)
142 (0.62 - 2.76) *

PLTs (x 109/L) 24513 +46.24 233.48 £ 66.44
PDW (fL) 11.97 +1.45 12.53+1.79
Endometrial antibody 6/24 6/23

NLR 1.67 (0.70 - 3.44) 2.52(1.10-16.03) *
D dimer (mg/L) 0.28 (0.03 - 1.02) 0.33(0.0-1.14)

Data are exhibited as means + SD for continuous variables, or medians
and ranges for non-normally distributed data. ‘represents P < 0.05.

used for abnormally distributed variables.

As shown in Table 1, there were 23 patients with
endometriosis in the endometriosis group and 24
healthy women in the control group. Their clinical and
demographic data are shown in Table 1. To compare
TIGIT/CD226 markers between the two groups and to
identify clinical associations with CD226 in patients
with endometriosis, the expression of TIGIT and
CD226 was first determined without any stimulation or
activation. There were no significant differences in the
TIGIT percentage on CD4" T cells between the 2 groups.
However, CD226 was significantly lower in patients with
endometriosis compared to that in the control group (P
< 0.01, Figure 1A, 1B). When the CD226 proportion on
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Figure 1. Characteristics of CD226 and TIGIT expressed on CD4"
T cells in patients with endometriosis and healthy controls. (A,
B) Samples were examined using flow cytometry, and CD4-positive
lymphocytes were gated for CD226 and TIGIT on the T cell surface.
Data are expressed as the mean+SD, and a t test was used to compare
patients with endometriosis (n = 23) and the control group (n = 24). (C)
HLA-DR" CD4" T cells were more prevalent among TIGIT CD4" T
cells than the TIGIT- subset. TNF-a, IFN-y, and IL10 were significantly
higher in TIGIT" CD4" T cells than in the TIGIT- subset. (D) HLA-DR"
CD4' T cells were more numerous among CD226" CD4" T than the
CD226- subset. (E) After TIGIT was blocked, there were no differences
in TNF-a and IFN-y in cells compared to cells with treated TIGIT and
the IL-10 level was higher in TIGIT" CD4" T cells. (F) After CD226
was blocked, the levels of TNF-a, IFN-y, and IL-10 were higher in
TIGIT' CD4" T cells. P <0.05, "P<0.01, P <0.001.
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CD4' T cells and the clinical data were analyzed, results
revealed that the percentage of cells expressing CD226
was correlated with NLR (» = 0.536, P = 0.008). To
evaluate the activation status and cytokine production
of CD4" T cells in endometriosis, their characteristics
were analyzed using flow cytometry. After activation
for 4 hours, the cytokines TNF-o, IFN-y, and IL10 were
significantly elevated in TIGIT™ CD4" T cells compared
to the TIGIT- subset. HLA-DR" CD4" T cells were more
numerous among TIGIT CD4" T cells than among
the TIGIT- subset (P < 0.001). Similarly, the cytokines
TNF-q, IL10, and IFN-y were significantly elevated in
CD226" CD4' T cells compared to levels in the CD226-
subset. The proportion of HLA-DR™ CD4" T cells among
CD226" T cells was also significantly higher than that
among the CD226- subset (P < 0.001, Figures 1C, 1D).

The CD226 antibody can inhibit CD226 function
in some diseases (8,9), so the current study sought to
determine whether CD226 or TIGIT antibodies influenced
their functioning in endometriosis. After CD226 or TIGIT
was, cytokines were compared to those in cells with
unblocked CD226 or TIGIT. There were no differences in
TNF-a and IFN-y after TIGIT was blocked, but the level
of IL-10 was higher in TIGIT" CD4" T cells. After CD226
was blocked, TNF-a and IFN-y were lower while IL-10
was higher (Figures 1E, 1F).

About 10% of women of childbearing age develop
endometriosis; the condition especially affects infertile
women, and women with chronic pelvic pain often
exhibit endometriosis (/0). The onset of endometriosis
is related to sex hormones, immunity, inflammation,
heredity, and other factors; and further research is
required to elucidate its underlying pathogenesis.
One of the most accepted views on the etiology of
endometriosis is that abnormal immunity generates
ectopic endometrial cells that invade unspecified
locations and that are unable to be cleared. Immune-
checkpoint molecules appear to regulate immunity in
many diseases (//,12). For example, PD-1 regulates the
actions of lymphocytes in endometriosis (/3). There
are no reports in the literature that mention TIGIT and
CD226 in endometriosis, and the current study is thus
the first to reveal abnormal expression of CD226 on
peripheral CD4" T cells. CD226 decreased in the current
patients with endometriosis. This decrease may preclude
CD4' T cells from secreting enough cytokines to allow
clearance of ectopic endometrial cells. Although TIGIT
might produce an over-activated immune response
(14), the current study found no difference in TIGIT
between patients with endometriosis and the control
group. The mildly negatively regulated molecule TIGIT
is presumably replaced with PD-1 or another strongly
negative immune-checkpoint molecule.

Results revealed that activated T cells expressed
more TIGIT and CD226, a finding similar to that in
several other studies (9,15). This may indicate that TIGIT
and CD226 remain at a consistent level during health.

When endometrial cells invade ectopic sites such as the
peritoneum or pelvic cavity, however, immune cells are
then mobilized, and the immune-checkpoint molecules
are activated.

Since the CD226 antibody inhibits CD226 function
in some diseases, the current study sought to reveal
whether CD226 or TIGIT influenced the functioning
of CD226 and TIGIT in endometriosis. Thus, cytokine
levels were examined when TIGIT or CD226 was
blocked. There were no differences in TNF-a or IFN-y
levels in cells with blocked TIGIT, but after TIGIT
was blocked the level of IL-10 was elevated in TIGIT"
CD4" T cells. Thus, TIGIT did not inhibit CD4" T cell
function by reducing production of the cytokines TNF-a
and IFN-y. When CD226 was blocked before activating
CD4" T cells, TNF-0 and IFN-y decreased while IL-
10 increased. CD226 presumably plays a positive role
in the effector function of CD4" T cells (8) since levels
of the proinflammatory cytokines IFN-y and TNF-a
were consistent with levels of CD226, while levels of
the anti-inflammatory cytokine IL-10 were negatively
correlated. CD226 decreased significantly in patients
with endometriosis, and this decrease may have reduced
the secretion of enough TNF-a and IFN-y effectors by
CD4" T cells to clear endometrial cells in the ectopic
environment.

In summary, the current results indicated that
there was a diminution of CD226 in CD4™ T cells in
patients with endometriosis. CD226 was correlated
with the effector role of CD4" T cells in patients with
endometriosis, and blocking CD226 suppressed this
function. These results suggest that CD226 in CD4" T
cells has a potential role in diagnosing endometriosis.
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SUMMARY

We conducted a study to assess the characteristics, scope of activity, and negative emotions in elderly
women with urinary incontinence (UI) based on a longitudinal follow-up conducted in Shanghai,
China from 2013 to 2019. A total of 3,531 elderly women were included in the final analysis, and
697 women who experienced Ul during follow-up were included in the UI group. Subjects with Ul
were subdivided into those with partial UI (UI once a day or less) and UI (frequent UI). Two thousand
eight hundred and thirty-four women who did not have UI during the same period served as the
control group. The prevalence of UI was 19.74% in this study. Logistic regression analysis revealed
that being older (> 80 years of age), having a high level of education (> 12 years; elderly people with
a high level of education may pay more attention to their health and notice UI more readily), a low
personal monthly income (< 3,000 RMB), more gravidity/parity, and having a chronic disease (chronic
obstructive pulmonary disease (COPD), dementia, or Parkinson's disease) were risk factors for Ul (p
< 0.05). About 60% of women in the partial UI group engaged in daily activities outdoors, while this
number decreased sharply to 3.6% in the UI group. Women in the UI group were more likely to have
negative emotions, such as depression, anxiety, irritability, or feeling worthless (p < 0.001). Among
elderly women with dementia, those with Ul had defects in terms of judgment in everyday life, the
ability of convey information, and the ability to understand information (p < 0.05). More attention
needs to be paid to the adverse effects of Ul on activities of daily living (ADL) and mental health in

the future.

Keywords dementia, emotion, caregiving

Urinary incontinence (UI) is a common disease in the
elderly, and a study had revealed that its prevalence
in Chinese elderly women is 16.9% (/). Women with
UI were more likely to have symptoms of anxiety and
depression, as well as poor quality of life (QoL). There
is a consensus that Ul greatly affects QoL, and even
mild urinary leakage significantly reduces QoL. UI also
involves certain expenses. A study reported that women
with UI used an average of 1.8 £ 2.1 incontinence
products in 24 hours with a mean weekly cost of $5.42
+ $8.59 (2). Some chronic conditions like COPD,
dementia, and Parkison's disease (PD) warrant attention
in women with UL

In summary, Ul is one of the most common geriatric
syndromes, influencing overall health, QoL, and financial
circumstances in elderly people. The current large-
scale population-based study sought to explore possible

factors related to UI, with a focus on women with UI
and dementia. The study protocol was approved by the
Ethics Committee of the Shanghai Health Development
Research Center (No. 2022009), and all subjects signed a
written informed consent form prior to commencing the
study.

Study design

This study was designed based on a longitudinal follow-
up conducted in Shanghai (China) from 2013 to 2021
(Supplemental Data, http.://www.biosciencetrends.
com/action/getSupplementalData.php?ID=141). The
inclusion criteria were: i) women who age 60 and
older; ii) individuals who were continuously followed;
iif) women who did not have UI at the beginning of
the study; and /v) women who responded "Yes" to the
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question "Do you have UI?" during the study. Data from
2013 to 2015 were used because subjects with Ul were
relatively concentrated and follow-up was continuous
during this period. A total of 3,531 elderly women were
included in the final analysis, and 697 women who
experienced Ul during follow-up were included in the
UI group. These women were subdivided into those with
partial UI (UI once a day or less) and UI (frequent UI).
Two thousand eight hundred and thirty-four women who
did not have UI during the same period served as the
control group. Demographic and disease characteristics,
scope of activity, and emotion were obtained using the
Unified Needs Assessment Form for Elderly Care, and
cognitive function was assessed by community doctors.

Comparison of the characteristics of women with and
without UI

Of 3,531 elderly women who participated in this study,
697 had UI (642 with partial UI and 55 with UI), so
the prevalence of Ul was 19.74% (Table 1). Women

with UI had a higher level of education, a higher rate of
widowhood, lower personal income, and less gravidity/
parity (p < 0.05). Women with UI were less likely to
live in the community (p < 0.001) and live alone (p
= 0.002) since they may need more assistance from
caregivers. Women with Ul had a higher prevalence of
diabetes, COPD, dementia, PD, and worse performance
in activities of daily living (ADL) (p < 0.05).

The prevalence of Ul in this study was similar to
that in another large sample cross-sectional study (3).
A previous study focusing on Chinese women found
that its prevalence was similar to that in Western
countries (14.84%) (4). Studies have revealed that Ul
can be considered a possible consequence of metabolic
syndrome. Obesity, diabetes, and, to a lesser extent,
high blood pressure and cigarette smoking have been
associated with Ul in different settings. Thus, prevention
programs aimed at losing weight, quitting smoking,
a healthy diet, and increasing physical activity have
resulted in a decreased incidence, prevalence, and
severity of UI (3).

Table 1. Characteristics of subjects without Ul, with partial UI, and with UI

Characteristic Women without Ul Women in the partial Ul group Women in the UI group p*
(n=2,834) (n=0642) (n=155)
Demographic characteristics
Age (years) <0.001
60-69 1,170 (41.28) 133 (20.71) 4(7.27)
70-79 780 (27.52) 148 (23.05) 6(10.91)
>80 884 (31.20) 361 (56.24) 45 (81.82)
BMI (kg/m’) <0.001
<18.5 145 (5.12) 38(5.92) 9(16.36)
18.5-23.9 1,568 (55.33) 373 (58.10) 22 (40.0)
24.0-27.9 968 (34.15) 190 (29.60) 22 (40.0)
>28 153 (5.40) 41 (6.38) 2 (3.64)
Education <0.001
< 6years 1,112 (39.24) 258 (40.19) 40 (72.73)
7-12 years 1,639 (57.83) 331 (51.56) 14 (25.45)
> 12 years 83 (2.93) 53 (8.25) 1(1.82)
Widowhood <0.001
Yes 791 (27.91) 239 (37.23) 32(58.18)
No 2,043 (72.09) 403 (62.77) 23 (41.82)
Living in the community 2,783 (98.20) 623 (97.04) 40 (72.73) <0.001
Residing 0.002
Alone 618 (21.81) 139 (21.65) 9(16.36)
With spouse or children 2,146 (75.72) 481 (74.92) 39 (70.91)
With other people 70 (2.47) 22(3.43) 7(12.73)
Personal monthly income (RMB) <0.001
<3,000 1,086 (38.32) 340 (52.96) 26 (47.27)
3,001-3,900 1,168 (41.21) 219 (34.11) 12 (21.82)
> 3,900 580 (20.47) 83 (12.93) 17 (30.91)
Gravidity/Parity <0.001
<2 2,296 (81.02) 465 (72.43) 28 (50.91)
>2 538 (18.98) 177 (27.57) 27 (49.09)
Disease characteristics
Hypertension 2,040 (71.98) 484 (75.39) 41 (74.55) 0.33
Diabetes 615 (21.70) 151 (23.52) 20 (36.36) 0.03
COPD 45 (1.59) 19 (2.96) 3(5.45) 0.01
Dementia 20 (0.71) 15 (2.34) 9(16.36) <0.001
PD 18 (0.64) 10 (1.56) 3(5.45) <0.001
ADL <0.001
Normal 2,309 (81.47) 1(0.16) 1(1.82)
Mild disability 424 (14.96) 428 (66.67) 1(1.82)
Moderate disability 92 (3.25) 124 (19.31) 1(1.82)
Severe disability 9(0.32) 89 (13.86) 52 (94.54)

*p value of differences in subjects without UI, with partial UI, and with UIL. BMI, body mass index; UI, urinary incontinence; COPD, chronic
obstructive pulmonary disease; ADL, activities of daily living; PD, Parkinson's disease.
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Table 2. Risk factors for elderly women with Ul

Characteristic n (%) OR 95% CI P
Diabetes (yes) 171 (24.53) 1.20 0.93-1.54 0.17
COPD (yes) 22 (3.16) 2.20 1.22-3.98 <0.001
Dementia (yes) 24 (3.44) 4.77 2.15-10.56 <0.001
Parkinson's disease (yes) 13 (1.87) 3.21 1.42-7.28 0.01
Age
60-69 137 (19.66) 1.00 - -
70-79 154 (22.09) 223 1.69-2.93 0.44
>80 406 (58.25) 5.90 4.39-7.93 <0.001
BMI
<185 47 (6.74) 0.92 0.63-1.35 0.64
18.5-23.9 395 (56.67) 1.00 - -
24.0-27.9 212 (30.42) 0.93 0.76-1.13 0.49
>28 43 (6.17) 1.11 0.76-1.64 0.43
Education
<6 years 298 (42.75) 1.00 - -
7-12 years 345 (49.50) 2.56 2.00-3.29 0.26
> 12 years 54 (7.75) 8.81 5.57-13.94 <0.001
Widowhood (Yes) 271 (38.89) 1.10 0.89-1.37 0.39
Living in the community (no) 34 (4.88) 1.58 0.93-2.67 0.09
Personal monthly income (RMB)
<3,000 366 (52.51) 2.36 1.77-3.15 <0.001
3,001-3,900 231 (33.14) 1.39 1.04-1.87 0.37
> 3,900 100 (14.35) 1.00 - -
Gravidity/Parity (> 2) 204 (29.27) 1.37 1.07-1.75 0.01

Level of education, personal income, gravidity/parity,
and diseases were risk factors for Ul

Results indicated that the risk factors for Ul included
advanced age (> 80 years) (OR = 5.90, 95% CI: 4.39-
7.93), a high level of education (> 12 years) (OR = 8.81,
95% CI: 5.57-13.94), low personal monthly income (<
3,000 RMB) (OR = 2.36, 95% CI: 1.77-3.15), and more
gravidity/parity (> 2) (OR = 1.37, 95% CI: 1.07-1.75) (p
< 0.05, respectively). Moreover, a number of diseases,
including COPD (OR = 2.20, 95% CI: 1.22-3.98),
dementia (OR =4.77, 95% CI: 2.15-10.56), and PD (OR
=3.21, 95% CI: 1.42-7.28), were also associated with a
higher risk of UI (p < 0.05, respectively) (Table 2).

A study conducted in German and Danish populations
found that age, BMI, and COPD were associated
with UI (6). Multiple chronic conditions, diminished
cognitive functioning, and less mobility were found to
be associated with the incidence of UI (7,8). Moreover, a
study conducted in Turkey indicated that risk factors may
differ according to specific UI subtypes. The key risk
factors for urge UI (UUI) are hypertension and diabetes
mellitus, and those are hypertension, multiparity, BMI,
and low-level of education for stress UI (SUI) (9).

Studies have found that multiparity increased the
risk of UI (/0), which was consistent with the results
of the current study. However, previous studies found
that a low-level of education increased the risk of Ul
(11), which was inconsistent with the current findings.
A possible explanation may be that elderly people with
a high level education pay more attention to their health
and notice Ul more readily. A study revealed that elderly
people with a higher level of education have more
information about UI and feel less stigma than others, so
they seek help in a timely manner (/2).

Women with UI had a more limited scope of activity
and negative emotions

Results revealed that women with partial Ul or UI had
a more limited scope of activity and that the scope
decreased with the severity of Ul. About 60% of women
in the partial UI group engaged in daily activities
outdoors, while this figured decreased sharply to 3.6% in
the UI group. Moreover, over 80% of women in the Ul
group engaged in almost no outdoor activities and they
could only sit in a wheelchair or lie in bed. Women in the
UI group were more likely to have negative emotions,
such as depression, anxiety, irritability, or feeling
worthless (p < 0.001) (Table 3).

A study has indicated that Ul has an impact on
emotions. Ul may be associated with depression among
middle-aged and elderly women (/3). Another study
revealed that Ul negatively influences ADL, physical
and social activities, and emotional disposition (/4).
A previous study reported that the risk of stress and
depression in older women with UI was approximately
2 and 1.5 times higher than that in regular women (/5),
which agreed with the current results. The reason may be
that leakage of urine and odor leads to embarrassment,
causing decreased self-esteem and depression as well as
affecting emotions (/6). Therefore, a holistic strategy is
needed for elderly women with Ul to alleviate negative
emotions and manage depression.

Women with UI and dementia had less ability to
convey and understand information

A total of 55 elderly women had no dementia at the
beginning of study but had dementia at the end of study.
These women consisted of 20 without UL, 15 with partial
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Table 3. Scope of activity and negative emotion characteristics of women with Ul

Characteristic Women without UI

Women in the partial Ul group

Women in the UI group P

(n=2,834) (n=642) (n=155)
Scope of activity <0.001
Outdoor activities 2,276 (80.31) 396 (61.68) 2 (3.64)
Indoor activities 448 (15.81) 144 (22.43) 7(12.73)
Almost no activities 110 (3.88) 102 (15.89) 46 (83.63)
Depression <0.001
Never 2,136 (75.37) 390 (60.75) 14 (25.45)
Sometimes 692 (24.42) 234 (36.45) 27 (49.10)
Always 6(0.21) 18 (2.80) 14 (25.45)
Tendency to cry <0.001
Never 2,415 (85.22) 469 (73.05) 18 (32.73)
Sometimes 417 (14.71) 165 (25.70) 28 (50.91)
Always 2(0.07) 8 (1.25) 9 (16.36)
More easily angered <0.001
Never 2,032 (71.70) 404 (62.93) 15 (27.27)
Sometimes 789 (27.84) 225 (35.05) 32 (58.18)
Always 13 (0.46) 13 (2.02) 8 (14.55)
More anxious <0.001
Never 2,230 (78.69) 380 (59.19) 18 (32.73)
Sometimes 598 (21.10) 247 (38.47) 22 (40.00)
Always 6(0.21) 15 (2.34) 15 (27.27)
Worried for no reason <0.001
Never 2,094 (73.89) 341 (53.12) 14 (25.45)
Sometimes 727 (25.65) 283 (44.08) 30 (54.55)
Always 13 (0.46) 18 (2.80) 11 (20.00)
Feeling worthless <0.001
Never 778 (27.45) 106 (16.51) 3(5.45)
Sometimes 1,591 (56.14) 376 (58.57) 22 (40.00)
Always 465 (16.41) 160 (24.92) 30 (54.55)

Table 4. Cognitive characteristics of dementia women with UI

Characteristic Women without UL Women in the partial UI group Women in the UI group P
(n=20) (n=15) (n=9)

Judgment in everyday life 0.02
Yes 13 (65.00) 5(33.33) 1 (11.11)
No 7 (35.00) 10 (66.67) 8 (88.89)

Ability to convey information 0.003
Yes 13 (65.00) 5(33.33) 0
No 7 (35.00) 10 (66.67) 9 (100.00)

Ability to understand information 0.004
Yes 15 (75.00) 10 (66.67) 1 (11.11)
No 5(25.00) 5(33.33) 8 (88.89)

Ul, and 9 with UL Results revealed that judgment in
everyday life, the ability to convey information, and the
ability to understand information differed significantly
depending on the severity of Ul (p < 0.05) (Table 4).
Women with partial UI and UI exercised less judgment in
everyday life and had less ability to convey or understand
information. Women in the UI group in particular had no
ability to convey information.

To date, few studies have focused on individuals
with dementia and Ul, leading to heated debate on this
topic. A study on patients with Alzheimer's disease (AD)
patients indicated that they had a higher risk of suffering
UI (17). Moreover, Ul can be distressing for persons
with dementia, so awareness of bladder and bowel
services should be increased (/8). However, a several
scholars found that there was no significant correlation
between age, cognitive function, depression, anxiety,
and dementia and UI (/9). A previous study found that
dementia is associated with cognitive and functional
deficits that may affect the urinary system, so they may

be risk factors for UI (20). Hence, one can conclude
that individuals with dementia are at higher risk of
developing UI, and a thorough assessment of a person
with dementia experiencing incontinence needs to be
conducted. Therefore, rapid diagnostic methods need to
be explored to decrease the incidence of UL

In conclusion, screening and early intervention in the
population at risk of developing UI is highly necessary
since these measures may reduce the impact of UI on the
QoL of the elderly. Moreover, more attention needs to
be paid to the adverse effects of UI on ADL and mental
health due to a limited range of activity and negative
emotions in the future.
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SUMMARY We conducted a study to analyze the unmet needs of and risk factors for use of assistive walking
devices by the elderly based on sample survey data from Shanghai, China from July to October 2019.
Among a total sample size of 11,193 people age 55 and older, 1,947 people (17.39%) needed assistive
walking devices, 829 (42.58%) of whom needed but did not use those devices. Multivariate analysis
indicated that residence, living alone or cohabitating, indoor handrails, the number of diseases, and
IADL were factors influencing the unmet need for assistive walking devices (p < 0.05, respectively).
People who lived in community health centers (p = 0.0104, OR = 1.956, 95% CI: 1.171-3.267) and
those who lived only with their spouse (p = 0.0002, OR = 2.901, 95% CI: 1.641-5.126) were more
likely to have an unmet need for assistive walking devices. People without indoor handrails (p = 0.0481,
OR = 0.718, 95% CI: 0.517-0.997), those with 3 or more diseases (p = 0.0008, OR = 0.577, 95% CI:
0.418-0.796), and those with severely impaired IADL (p = 0.0002, OR = 0.139, 95% CI: 0.05-0.386)
were less likely to have an unmet need for assistive walking devices. Self-perceived needs of the
elderly, the diversity and performance of assistive devices, and the accessibility and affordability of

assistive walking devices may lead to unmet needs.

Keywords

In recent years, China's aging population has
continuously increased. The 2020 national population
census indicated that the population age 65 and older
accounted for 13.52% of the total population, or about
190 million people (/). Shanghai is one city with
the earliest signs of aging in China (2). In 2020, the
population age 65 and older in Shanghai accounted for
16.28% of the total population, or about 4.05 million
people (7). The increase in the elderly population in
China is accompanied by an increase in the proportion
of disabled and semi-disabled people (3). The number
of disabled or semi-disabled people in China was 48.09
million in 2020 and will be 120 million in 2050 (4).
As the proportion of the elderly and disabled increase,
the ability of the elderly to go out or walk safely may
diminish (5), and their need for assistive walking devices
is likely to grow (6-7).

Studies have indicated that the use of assistive
walking devices differs among the elderly (8-74).

elderly, assistive walking devices, need, utilization, Shanghai

However, there are limited empirical studies on the need
for and utilization of assistive walking devices by the
elderly in China. Therefore, a study was conducted to
analyze the unmet need for and risk factors for use of
assistive walking devices by the elderly in Shanghai.

Study design

Subjects Data were collected in Shanghai, China on
the elderly age 55 and older living in the community
and nursing homes in 16 districts of Shanghai from
July to October in 2019. Fifteen thousand copies of a
questionnaires were sent out, and 14,944 copies were
returned, for a return rate of 99.6%. Three thousand seven
hundred and fifty-one subjects who were bedridden for a
prolonged period, who had severe cognitive impairment,
who were blind, or who lacked light perception were
excluded, for a total of 11,193 subjects.

Methodology A matching analysis was performed
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for the need for and utilization of assistive walking
devices by the elderly. First, screening criteria were used
to determine whether the elderly need to use assistive
walking devices. Based on the collective standards of the
Chinese Geriatrics Society and the Unified Elderly Care
Needs Assessment, the Barthel Index scale, a simple
psychiatric examination scale (MMSE), and several
verification questions in the Unified Elderly Care Needs
Assessment ("Do I need help changing from one sitting
position to another?" and "Do I need help walking about
5 meters on flat ground?"), elderly people with a lower
limb disorder, difficulty walking, or instability who
needed to use walking aids were screened out (those
who were bedridden for a prolonged period, who had
severe cognitive impairment, who were blind, or who
lacked light perception were excluded). Second, criteria
were used to determine whether the elderly use assistive
walking devices. Based on the question "What aids do
you commonly use?" in the Unified Elderly Care Needs
Assessment, whether the elderly use assistive walking
devices and the type of device were determined. These
assistive walking devices are crutches, wheelchairs,
artificial limbs, or rollators.

Statistical analysis Descriptive statistics were used to
analyze the need for and utilization of assistive walking
devices by the elderly in Shanghai, and the quantitative
data were described by frequency and component ratio.
Logistic regression analysis was used for univariate and
multivariate analysis. In a model of elderly people who
need assistive walking devices, the dependent variable
was whether assistive walking devices were used (0
= need and use (control group), 1 = need but do not
use). The independent variables were sex, age, level of
education, main source of income, residence, language
use, living alone or cohabitating, physical care needs
of the assessed subjects, elevators in one's residence,
indoor steps, indoor handrails, number of diseases,
IADL, and the self-rated health status of the elderly. A
level of o= 0.05 or p < 0.05 was considered statistically
significant. The statistical software SAS9.4 was used to
analyze data.

Comparison of characteristics of elderly with unmet
needs and met needs for assistive walking devices

The total sample for this study was 11,193 subjects. Of
those, 1,472 used assistive walking devices, accounting
for 13.15%. Of the total, 1,947 subjects needed assistive
walking devices, accounting for 17.39%, and of those,
829 needed but did not use assistive walking devices,
accounting for 42.58%.

Compared to the elderly whose needs were met,
the characteristics of the elderly with unmet need for
assistive walking devices were as follows: 55-59 years
of age (23 subjects, 60.53%), 60-69 years of age (159
subjects, 59.55%), a senior high school education
(163 subjects, 52.24%), an unstable financial status

(16 subjects, 64.00%), living in a rented dwelling (79
subjects, 50.97%), living only with their spouses (227
subjects, 57.32%), with 0 diseases (69 subjects, 53.49%),
normal ADL (184 subjects, 92.93%), self-reliant in IADL
(149 subjects, 89.22%), and a very good self-rated health
status (48 subjects, 67.61%) (Table 1).

Results indicated that assistive walking devices
are underutilized (13.15%) by the elderly in Shanghai,
and this figure is slightly higher than that in a previous
study in three provinces in China (Sichuan, Chongqing,
Inner Mongolia, assistive devices of an unspecified
type, 10.9%) (/3). This figure is also higher than
that in a previous study in elderly with hearing loss
(7.62%) (12). However, this figure is lower than that
in a previous study that estimated that 16.6% of older
adults use an assistive device outdoors in the US (6).
Moreover, this figure is much lower than that in a
previous study on use of assistive walking devices by
disabled elderly (96%) (14).

Results also indicated that 42.58% of the elderly
in Shanghai have an unmet need for assistive walking
devices, which is slightly lower than the figure in a
previous study in northern and southwestern China (the
self-perceived need for assistive devices among the
elderly was 46.1%) (13).

Residence, living alone or cohabitating, indoor
handrails, number of diseases, and IADL were factors
influencing the unmet need for assistive walking
devices

Univariate analysis revealed significant differences in
the use of assistive walking devices among the elderly
who need them (n = 1,947) in terms of independent
variables, such as age, level of education, financial
status, residence, living alone or cohabitating, the
physical need for care of the assessed subjects, an
elevator in one's residence, the number of diseases,
IADL, and self-rated health status. Multivariate analysis
revealed that residence, living alone or cohabitating,
indoor handrails, the number of diseases, and IADL
were the factors influencing the unmet need for assistive
walking devices (p < 0.05, respectively). People who
lived in community health centers (»p = 0.0104, OR =
1.956, 95% CI: 1.171-3.267) and those who lived only
with their spouse (p = 0.0002, OR = 2.901, 95% CI:
1.641-5.126) were more likely to have an unmet need
for assistive walking devices. Those without indoor
handrails (p = 0.0481, OR = 0.718, 95% CI: 0.517-
0.997), those with 3 or more diseases (p = 0.0008, OR
=0.577, 95% CI: 0.418-0.796), and those with severely
impaired IADL (p = 0.0002, OR = 0.139, 95% CI:
0.050-0.386) were less likely to have an unmet need for
assistive walking devices (Table 2).

Results indicated that the unmet need for assistive
walking devices is higher among people who live in
community health centers than those live in private
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Table 1. Different variables for use of walking aids by the elderly who need them in Shanghai in 2019 [n (%)]

Needs a walking aid but has

Needs a walking aid and has

Variables not used one (n = 829) used one (n=1,118) p value
Sex, n (%) 0.4769
Male 347 (41.66%) 486 (58.34%)
Female 482 (43.27%) 632 (56.73%)
Age, n (%) <0.0001
55-60 23 (60.53%) 15 (39.47%)
6069 159 (59.55%) 108 (40.45%)
70-79 179 (47.86%) 195 (52.14%)
>80 468 (36.91%) 800 (63.09%)
Level of education, 1 (%) 0.0001
Primary School and below 316 (37.98%) 516 (62.02%)
Junior high school 246 (42.49%) 333 (57.51%)
Senior high school 163 (52.24%) 149 (47.76%)
College and above 86 (47.51%) 95 (52.49%)
Main source of income, 1 (%) 0.0038
Pension 732 (42.88%) 975 (57.12%)
Help from relatives and friends 29 (29.90%) 68 (70.10%)
Some other source 16 (64.00%) 9 (36.00%)
Residence, 1 (%) <0.0001
Owner-occupied dwelling, private dwelling, etc. 313 (49.37%) 321 (50.63%)
Rented dwelling 79 (50.97%) 76 (49.03%)
Old age home or a similar facility 149 (31.43%) 325 (68.57%)
Nursing home or a similar facility 142 (37.67%) 235 (62.33%)
Community health service centers 88 (48.89%) 92 (51.11%)
Hospital or a similar facility 48 (46.60%) 55 (53.40%)
Language use, n (%) 0.4948
Mandarin 189 (44.68%) 234 (55.32%)
Dialect 621 (41.73%) 867 (58.27%)
Mute 5(50.00%) 5(50.00%)
Living alone or cohabitating, n (%) <0.0001
Living alone 76 (38.97%) 119 (61.03%)
Living with spouse 227 (57.32%) 169 (42.68%)
Living with children 186 (37.58%) 309 (62.42%)
Other 291 (38.70%) 461 (61.30%)
Physical care needs of the assessed subjects, 7 (%) 0.0617
No need 17 (48.57%) 18 (51.43%)
Care provided by the spouse 57 (41.91%) 79 (58.09%)
Care provided by children or grandchildren 111 (31.90%) 237 (68.10%)
Care provided by a professional caregiver 388 (37.34%) 651 (62.66%)
Elevators in residential floors, n (%) <0.0001
Below the 6th floor, without an elevator 327 (47.88%) 356 (52.12%)
Below the 6th floor, with an elevator 377 (38.91%) 592 (61.09%)
The 7th floor, without an elevator 6 (46.15%) 7 (53.85%)
The 7th floor, with an elevator 9 (17.65%) 42 (82.35%)
The 8th floor and above 101 (48.79%) 106 (51.21%)
Indoor steps, n (%) 0.2774
Yes 86 (39.27%) 133 (60.73%)
No 731 (43.13%) 964 (56.87%)
Indoor handrails, 7 (%) 0.0576
Yes 348 (40.23%) 517 (59.77%)
No 469 (44.54%) 584 (55.46%)
Number of diseases, n (%) <0.0001
1 276 (47.26%) 308 (52.74%)
0 69 (53.49%) 60 (46.51%)
2 310 (43.97%) 395 (56.03%)
3 or more 174 (32.89%) 355 (67.11%)
ADL, n (%) <0.0001
Normal 184 (92.93%) 14 (7.07%)
Very severely impaired 80 (55.94%) 63 (44.06%)
Severely impaired 205 (38.32%) 330 (61.68%)
Moderately impaired 322 (32.46%) 670 (67.54%)
IADL, n (%) <0.0001
Self-reliant 149 (89.22%) 18 (10.78%)
Very severely impaired 361 (36.72%) 622 (63.28%)
Severely impaired 124 (31.23%) 273 (68.77%)
Moderately impaired 97 (41.45%) 137 (58.55%)
Mildly impaired 98 (59.04%) 68 (40.96%)
Self-rated health status of the elderly, n (%) <0.0001
Very good 48 (67.61%) 23 (32.39%)
Good 88 (55.70%) 70 (44.30%)
Average 547 (42.11%) 752 (57.89%)
Bad 131 (33.76%) 257 (66.24%)
Vary bad 12 (50.00%) 12 (50.00%)

* p value for differences between elderly who need a walking aid but have not used one and who need a walking aid and have used one.
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Table 2. Analysis of factors influencing the unmet need for walking aids for the elderly in Shanghai in 2019 (n = 1,947)

Vari Single factor 95% CI 95% CI  Multifactor 95% CI 95% CI
ariables . . . -
p value lower limit upper limit  p values lower limit upper limit
Sex, male
Female 0.4773 1.068 0.891 1.281 0.5839  1.075 0.830 1.392
Age, 55-60
60-69 0.9087 0.96 0.479 1.924 0.6177  0.763 0.264 2.204
70-79 0.14 0.599 0.303 1.183 0.2668  0.557 0.198 1.566
>80 0.0042 0.382" 0.197 0.738 0.4811  0.696 0.253 1.91
Level of education, Primary school and below
Junior high school 0.0891 1.206 0.972 1.497 0.337 0.861 0.634 1.169
Senior high school <0.0001 1.786™ 1374 2.323 0.8282  1.044 0.710 1.533
College and above 0.0179 1.478" 1.07 2.043 0.8054  0.941 0.582 1.522
Main source of income, Pension
Help from relatives and friends 0.0128 0.568" 0.364 0.887 0.2887  0.760 0.458 1.262
Some other source 0.0399 2368 1.041 5.389 0.4037  1.696 0.491 5.858
Residence, Owner-occupied dwelling, private
dwelling, etc.
Rented dwelling 0.7212 1.066 0.750 1515 0.4904 0818 0.463 1.447
Old age home or a similar facility <0.0001 047" 0.367 0.603 07152 1.086 0.698 1.689
Nursing home or a similar facility 0.0003 0.62"" 0.478 0.804 0.2617 1.305 0.820 2.079
Community health service centers 0.9095 0.981 0.704 1.366 0.0104 1.956" 1.171 3.267
Hospital or a similar facility 0.6024 0.895 0.590 1.358 0.1159  1.652 0.884 3.089
Language use, Mandarin
Dialect 0.2793 0.887 0.713 1.102 0.4891 1111 0.824 1.499
Mute 0.7386 1.238 0.353 434 0.9942  0.994 0.207 4779
Living alone or cohabitating, Living alone
Living with spouse <0.0001 2103 1.482 2.984 0.0002  2.901™"  1.641 5.126
Living with children 07332 0.943 0.671 1.325 03295  1.309 0.762 2.249
Other 0.9435  0.988 0.716 1.365 0.0258  1.843" 1.076 3.154
Physical care needs of the assessed subjects,
No need
Care provided by the spouse 0.4789  0.764 0.363 1.61 0.0703  0.439 0.180 1.071
Care provided by children and 0.0496 0.496" 0.246 0.999 0.2104 0.577 0.244 1.364
grandchildren
Care provided by a professional 0.1811 0.631 0.321 1.239 0.0944 0.497 0.219 1.128
caregiver
Elevators in residential floors, Below the 6"
floor, without an elevator
Below the 6th floor, with an elevator 0.0003  0.6937  0.569 0.845 03302 0.827 0.564 1212
The 7th floor, without an elevator 0.902 0.933 0310 2.805 0.6022  0.544 0.055 5376
The 7th floor, with an elevator 0.0001 02337 0.112 0.487 0.0084  0.184 0.052 0.648
The 8th floor and above 0.8174  1.037 0.760 1.416 0.8183  1.059 0.649 1.730
Indoor steps, Yes
No 02778  1.173 0.879 1.564 0.749 1.067 0.717 1.588
Indoor handrails, Yes
No 0.0577  1.193 0.994 1.432 0.0481  0.718 0.517 0.997
Number of diseases, 1
0 0.2008  1.283 0.876 0.0427 0.0427  1.684" 1.017 2788
2 0.2379  0.876 0.703 0.1154 0.1154  0.790 0.590 1.059
3 or more <0.0001  0.547" 0.429 0.0008 0.0008  0.5777  0.418 0.796
TADL, Self-reliant
Very severely impaired <0.0001  0.07 0.042 0.0003 0.0003  0.153™  0.055 0.426
Severely impaired <0.0001  0.055™  0.032 0.0002 0.0002  0.139”™  0.050 0.386
Moderately impaired <0.0001  0.086 0.049 0.0077 0.0077 02477 0.089 0.691
Mildly impaired <0.0001  0.174™  0.098 0.0369 0.0369  0.318 0.108 0.933
Self-rated health status of the elderly, Very
good
Good 0.0911  0.602 0.335 0.3073 03073 0.637 0.268 1515
Average <0.0001  0.349 0.209 0.345 0.345 0.703 0.339 1.461
Bad <0.0001  0.244 0.142 0.2193 02193  0.615 0.283 1.335
Very bad 0.1258  0.479 0.187 0.555 0.555 1.431 0.435 4.701

“indicates p < 0.05, "indicates p < 0.01, " indicates p < 0.001.

dwellings. A previous study indicated that 78% of elderly
adults receiving community-based homecare in Beijing
used assistive devices (/5), and that figure is quite high.
However, little attention has been paid to research on
the need for and utilization of assistive devices among
people who live in community health centers.

The current results indicated that the unmet need

for assistive walking devices was higher among people
living only with their spouses than among those living
alone, which is consistent with previous studies. The use
of assistive walking devices was lowest among married
people and highest among widowed ones. Being married
was negatively associated with the use of aids, while
living alone was positively associated with their use
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(3,16-19). This is possibly because the spouse plays the
role of caregiver.

Self-perceived needs of the elderly, the diversity and
performance of assistive devices, and the accessibility
and affordability of assistive walking devices may
lead to unmet needs

There may be various reasons why assistive walking
devices needs were unmet, such as lack of self-awareness
of one's need on the part of the elderly and a lack of
diversity and poor performance of assistive devices
and poor accessibility and affordability on the part of
manufacturers.

First, the low level of self-perceived need and the
lack of confidence in the diversity and performance of
assistive devices may lead to their underutilization. On
the one hand, the elderly had insufficient self-awareness
of their need for assistive devices. On the other hand,
only 37.6% of the elderly agreed that "assistive devices
are of significant help to the safety and health of the
elderly" (13).

Therefore, the lack of diversity and poor performance
of assistive devices may also lead to their underutilization.
On the one hand, aids are not sufficiently diverse.
Most of the domestic assistive devices for the elderly
are imitations of foreign products, with considerable
homogeneity, few varieties, low quality, limited brand
recognition, and a small high-end market. On the other
hand, the performance of assistive devices is not fully
guaranteed. The quality and performance of domestic
accessories for the elderly need to be improved, and the
reliability of middle and low-end products should be
fully guaranteed (20).

In addition, the accessibility of assistive devices
needs to be further improved, since this a key reason
for their underutilization. On the one hand, there are not
enough personnel in the evaluation stage. At present,
there is a shortage of qualified personnel to evaluate
suitable aids for the elderly in China. On the other hand,
there is excessive marketing and a domestic emphasis
in the product supply stage, and a mature service
delivery mechanism has not yet to be created (20,21).

Last but not least, the affordability of assistive
devices needs to be further improved, since this is
another key reason for their underutilization. At
present, insurance does not cover assistive devices
for the elderly in China, and they need to be paid for
by individuals. Some elderly people with an unstable
financial situation cannot afford expensive assistive
devices (20).

In conclusion, the following efforts need to be made
to improve the utilization of assistive devices for the
elderly: the self-awareness of need must be heightened
among the clderly, the elderly need to be informed
and educated about assistive devices, the diversity and
performance of assistive devices needs to be enhanced,

and the accessibility and affordability of those devices
needs to be enhanced.
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SUMMARY

We conducted a study to explore how one's emotional state affects attempted suicide among the elderly

in Shanghai, China. Random sampling was used to select people age 55 and older in Shanghai from
2013 to 2019. A questionnaire was used to collect relevant data, including attempted suicide and
emotional status. Subjects were a total of 783 elderly people who participated in this study for two
years and more, and they consisted of 569 elderly people did not commit suicide during the study
period and 214 elderly people who attempted suicide. Cumulative logistic regression indicated that
feeling less interested than usual in hobbies (p < 0.001, OR = 2.805, 95% CI: 0.941-8.360) and being
more easily angered (p < 0.0001, OR = 11.972, 95% CI: 6.275-22.843) increase the risk of attempted

suicide.

Keywords

To the Editor,

Suicide has become a growing global public health
concern. According to a report published by World
Health Organization (WHO) in 2019, 703,000 people
die by suicide every year, which is one person every
40 seconds (/). A prior suicide attempt is the single
most significant risk factor for suicide in the general
population. Based on data updated in July, 2021 the
crude suicide rate for people age 65 and older is 129.42
per 100,000 population, three times that of the population
under 64 years of age (2). About 25-30% of individuals
who attempt suicide will continue to do so, and 22-44%
will eventually die of suicide (3). Moreover, a 37-year
longitudinal study has indicated that the risk of death
due to attempted suicide remains over one's lifetime (4).
Therefore, the study of attempted suicide and factors
influencing it is significant to suicide prevention.

The characteristics of attempted suicide can help to
explain the high suicide rate and unique characteristics
of suicide (5). Attempted suicide is the stage of further
behaviors after an individual's suicidal ideation but
before successfully committing suicide (6). Therefore,
identifying the risk factors for attempted suicides
and preventing them among the elderly is significant.
Research has indicated that the average annual suicide
rate for urban elderly has increased significantly in the
21st century (7). The current study was conducted in

attempt suicide, risk factors, people age 55 and older, Shanghai

Shanghai, a typical urban area in China where over 35%
of the population is elderly (60 years and older) (8). This
study sought to explore the impact of emotional status on
suicidal behavior by the elderly in Shanghai, China.

Study design This study obtained survey data from
the Shanghai Unified Needs Assessment for Elderly
Care. This study was a long-term survey organized by
the Shanghai Health Development Research Center from
March 2013 to October 2019. The Ethics Committee
of the Shanghai Medical and Technology Information
Institute approved this study (no. 2022009). Potential
subjects age 55 and older were eligible for inclusion in
this study if they participated in the survey for two years
and more. As a result, there were 783 elderly subjects.
All investigators receive standardized training. Subjects
were then interviewed face to face after giving written
informed consent.

The primary outcome measures in this study were
subjects' suicidal behavior and emotional condition. 7)
The question to examine suicidal behavior was "How
many times have you tried to commit suicide in the past
14 days?". Answers were collected in the form of "none",
"once", "two or three times", "four to seven times", and
"eight times or more". if) Three questions were included
in the section on emotional condition. The first question
was "What do you think of your physical health over the
last week?", and the options were: "excellent", "good",
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Table 1. Risk factors associated with attempted suicide among elderly adults

Variables Estimate  Standard Error ~ Wald Chi-square  Pr> ChiSq OR 95% Wald Confidence Limits
Self-reported health status
Same 1.000
Worse 2.404 0.413 33.970 <0.0001 13.756 3.964-47.738
Level of interest in hobbies
Same
Lower 1.310 0.351 13.927 0.000 2.805 0.941-8.360
More easily angered
Same 1.000
Worse 1.122 0.237 22.342 <0.0001 11.972 6.275-22.843

"fair", "poor", and "very poor". The five possible answers
to the question "How often do you spend engaged in
your usual hobbies?" were "no or little time", "about
once a month", "about once a week", "about once a day",
and "multiple times a day". Similarly, the five possible
answers to the question "Are you more easily angered
than usual?" were "no or little time", "about once a
month", "about once a week", "about once a day", and
"multiple times a day".

Characteristics of study subjects A total of 783
subjects were divided into two groups depending on
whether they had attempted suicide. The elderly who had
not attempted suicide were designated the group who had
not attempted suicide, and those who reported having
attempted suicide one or more times were designated
the group who had attempted suicide. Five hundred and
sixty-nine subjects had not attempted suicide, but 214
subjects had attempted suicide during the study.

As mentioned, 214 subjects had not previously
attempted suicide but attempted suicide during the
study. Of these, 58 (27.10%) reported that their health
had deteriorated, 63 (29.44%) reported that their health
remained the same, and 93 (43.46%) reported that their
health improved. Of the 214 subjects, 57 (26.64%)
mentioned being less interested in their previous hobbies,
66 (30.84%) mentioned remaining interested in their
previous hobbies, and 91 (42.52%) mentioned being
more interested in their previous hobbies. Of the 214
subjects, 126 (58.88%) were more easily angered than
usual, 47 (21.96%) remained the same, and 41 (19.16%)
were less easily angered than usual.

Feeling less interested in previous hobbies was a risk
factor associated with attempted suicide in the elderly
Results of cumulative logistic regression analysis
suggested that feeling less interested in previous
hobbies (p < 0.001, OR = 2.805, 95% CI: 0.941-8.360)
increased the risk of attempted suicide, indicating that
elderly who have lost interest in hobbies are 2.805 times
likelier to attempt suicide than elderly who remained
interested. Results are shown in Table 1. A previous
study noted a relationship between low positive affect
and suicidal ideation (9) in the form of anhedonia.
Anhedonia is one of the core symptoms of depression
and represents a reduction in positive emotions such

as joy, enthusiasm, self-confidence, and interest. The
previous study found that anhedonia is potentially
associated with suicidal ideation, and this is similar to
the current findings.

Being more easily angered was another risk factor
that increases suicide attempts in the elderly Results
of cumulative logistic regression analysis indicated that
being more easily angered (p < 0.0001, OR = 11.972,
95% CI: 6.275-22.843,) also increased the risk of
attempted suicide. The risk of attempted suicide among
elderly who were more easily angered was 11.972 times
higher than that in elderly with stable emotions. Results
are shown in Table 1. Emerging research has indicated
that higher levels of anger increase the risk of suicide
(10).

The current study directly compares the situation
of the same elderly before and after a suicide attempt.
This can fully reflect changes in the specific situation
of the elderly over time; therefore, the results are more
accurate and persuasive. A limitation of this study is that
it sought to explore factors influencing suicide attempts
but it is based on responses to only two questions. More
scientific and authoritative scales should be used for
future studies.

In conclusion, the current results reveal ways to
reduce attempted suicide by the elderly. Feeling less
interested in previous hobbies and being more easily
angered are risk factors for attempted suicide in the
elderly. The emotional state of the elderly can be
adjusted through specific interventions. Therefore,
family members and society need to pay attention to
the emotional status of the elderly, promptly detect
emotional deterioration, and promptly intervene in order
to effectively prevent suicide.
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Suggested Reviewers: A list of up to 3 reviewers who are qualified
to assess the scientific merit of the study is welcomed. Reviewer
information including names, affiliations, addresses, and e-mail
should be provided at the same time the manuscript is submitted
online. Please do not suggest reviewers with known conflicts of
interest, including participants or anyone with a stake in the proposed
research; anyone from the same institution; former students, advisors,
or research collaborators (within the last three years); or close personal
contacts. Please note that the Editor-in-Chief may accept one or more
of the proposed reviewers or may request a review by other qualified
persons.

Language Editing: Manuscripts prepared by authors whose native
language is not English should have their work proofread by a native
English speaker before submission. If not, this might delay the
publication of your manuscript in BioScience Trends.

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

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

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

4. Cover Letter

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

5. Submission Checklist

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

6. Manuscript Preparation

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

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

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

Abstract: The abstract should briefly state the purpose of the study,
methods, main findings, and conclusions. For articles that are Original
Articles, Brief Reports, Reviews, or Policy Forum articles, a one-
paragraph abstract consisting of no more than 250 words must be
included in the manuscript. For Communications, Editorials, News,
or Letters, a brief summary of main content in 150 words or fewer
should be included in the manuscript. For articles reporting clinical
trials, the trial registration number should be stated at the end of the
Abstract. Abbreviations must be kept to a minimum and non-standard
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abbreviations explained in brackets at first mention. References should
be avoided in the abstract. Three to six key words or phrases that do not
occur in the title should be included in the Abstract page.

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

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

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

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

Acknowledgments: All funding sources (including grant identification)
should be credited in the Acknowledgments section. Authors should
also describe the role of the study sponsor(s), if any, in study design;
in the collection, analysis, and interpretation of data; in the writing of
the report; and in the decision to submit the paper for publication. If the
funding source had no such involvement, the authors should so state.

In addition, people who contributed to the work but who do
not meet the criteria for authors should be listed along with their
contributions.

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

Examples are given below:

Example 1 (Sample journal reference):

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

Example 2 (Sample journal reference with more than 15 authors):
Darby S, Hill D, Auvinen A, et al. Radon in homes and risk of lung
cancer: Collaborative analysis of individual data from 13 European

case-control studies. BMJ. 2005; 330:223.

Example 3 (Sample book reference):

Shalev AY. Post-traumatic stress disorder: Diagnosis, history and life
course. In: Post-traumatic Stress Disorder, Diagnosis, Management
and Treatment (Nutt DJ, Davidson JR, Zohar J, eds.). Martin Dunitz,
London, UK, 2000; pp. 1-15.

Example 4 (Sample web page reference):

World Health Organization. The World Health Report 2008 — primary
health care: Now more than ever. http://www.who.int/whr/2008/whr08 _
en.pdf (accessed September 23, 2022).

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

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

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

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

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

5. Submission Checklist

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

6. Online Submission

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

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

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

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