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Abstract

Functional brain connectivity is closely linked to the complex interactions between brain networks. In the last
two decades, measures of functional connectivity based on electroencephalogram (EEG) data have proved
to be an important tool for neurologists and clinical and non-clinical neuroscientists. Indeed, EEG-based
functional connectivity may reveal the neurophysiological processes and networks underlying human cog-
nition and the pathophysiology of neuropsychiatric disorders. This editorial discusses recent advances and
future prospectsin the study of EEG-based functional connectivity, with a focus on the main methodological
approaches to studying brain networks in health and disease.

Key words: EEG, brain connectivity, brain oscillations, central nervous system, clinical neuroscience
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The “old but gold”
electroencephalogram

Ever since the German psychiatrist Hans Berger dis-
covered human brainwaves in 1920, the electroencepha-
logram (EEG) has remained an essential tool for assessing
the pathophysiology and brain functions associated with
cognitive processes and behavior, as well as brain disor-
ders. The EEG is one of the most frequently used high-
temporal resolution techniques in different but convergent
scientific fields, including neuroscience, neurology and
psychiatry.! Indeed, EEG systems are low-cost, non-inva-
sive, can be implemented at the bedside of patients, and
have been shown to have high test—retest reliability, sensi-
tivity and specificity.?-® Thus, EEG is considered a valuable
method for studying temporal hierarchy and dynamics
of neurocognitive processes and the central nervous sys-
tem in health and disease.””!! In particular, EEG-based
measurements can capture fast cognitive dynamics and
the temporal progression of cognitive events in the time-
frame in which cognition occurs.!2-*

Although the use of the EEG in humans for research and
clinical purposes is dated, thousands of studies are now
described in the scientific literature, and today we can
firmly state that EEG is a valuable tool among the neu-
rotechniques that allow the study of brain functions and
cognition, as well as their complex interactions. Indeed,
due to technological advancements, EEG still represents
avalid technique that constantly presents new theoretical,
functional and computational challenges. Therefore, in our
opinion, we can define it as the ‘old but gold’ neuroscien-
tific methodology.

EEG technical and methodological
promises and pitfalls

Over the last two decades, a growing interest has emerged
in quantitative measures of EEG-based connectivity. These
quantitative analyses allow for the evaluation of interde-
pendencies between brain signals recorded from the scalp
level (i.e., sensor space) or between neural nodes (i.e.,
source space). Different methodological procedures can
be applied to the study of EEG-based connectivity.?’ Nev-
ertheless, many methodological and theoretical problems
may arise. For example, volume conduction represents
a primary issue when analyzing sensor—space connectiv-
ity.21=23 In this regard, the low spatial resolution of the EEG
makes it challenging to interpret connectivity results in re-
lation to brain areas. In particular, common neural sources
can influence contiguous electrode activity, which may
increase the risk of false positive connectivity for con-
tiguous electrodes.*?2425 Thus, it is possible to calculate
source-level connectivity to reduce the effect of volume
conduction.**! However, source-level methods also have
some limitations. While connectivity measures from
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sensor-level EEG recordings have low spatial precision,
source-level analysis requires a large number of electrodes
or accurate head models to infer how electrical fields prop-
agate through the head at a reasonable spatial resolution.?
This process is called the inverse problem.?” Recent studies
propose new methodological advances and recommenda-
tions to reduce technical and theoretical issues related
to EEG analyses.>?8 Furthermore, the consensus on using
EEG-based measurements may have crucial implications
for their application in clinical research.

In a clinical context, the ad hoc visual evaluation
of EEG data is still an important criterion for the assess-
ment of epilepsies and disorders of consciousness.??~33
However, new computational advances would allow for
a more objective and quantitative EEG data analysis. In-
deed, scalp-level EEG visual analysis does not allow esti-
mates of the interconnections between distant brain areas
and quantitative data, which differs from visual evalua-
tion, as the latter can be compared with normative data.’
Finally, these quantitative analyses of EEG data can be
used as biomarkers for classifying neuropsychiatric dis-
orders and identifying the psychophysiological correlates
of cognition.20:34-37

EEG-based functional connectivity

Empirical research and mathematical models in neuro-
science propose oscillatory synchronization between brain
nodes and networks as a key mechanism for information
sharing within neural networks.38-%% However, complex
neural networks implicated in cognitive functions com-
municate at multiple spatial and temporal scales.*! Indeed,
EEG-based measures of connectivity may reflect diverse
aspects of these spatiotemporal relationships between elec-
trodes at the scalp level or between nodes at the source
space.? In general, EEG-based connectivity can describe ei-
ther the statistical linear or non-linear covariation between
signals (i.e., functional connectivity) or the causal influ-
ence of the activity of one signal over another as effective
connectivity.*>~** These computational models may unveil
intrinsic brain networks and functional mechanisms un-
derlying sensorimotor, cognitive and affective processes
in healthy participants and patients with neurological and
psychiatric disorders.

There are several methods for quantifying and evaluat-
ing functional connectivity using EEG-recorded data,*
and each method has its advantages and limitations. Dif-
ferent measures are better suited for specific purposes
or assumptions about underlying neurophysiological
processes.*® In particular, functional connectivity mea-
surements can be based on associations between phases
(e.g., phase lag index, phase locking values and phase co-
herence),?>¥*8 between the amplitude of the oscillations
in specific frequency bands (e.g., power-based coherence
and cross-frequency coupling),*-°2 and in the complexity
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of the EEG signal (e.g., mutual information and transfer
entropy).2>% In the subsequent sections, we will briefly
describe some of the EEG functional connectivity analy-
ses and recent advances, in the use of these analyses, for
the study of the brain functioning in health and disease.

(a) The functional connectivity measures based
on the phase of brain oscillatory activity rely on the phase
angle distribution between 2 signals. For instance,
the phase lag index (PLI and the similar evolutions, namely
weighted PLI and squared weighted PLI) evaluates the con-
sistency of the phase differences between 2 EEG signals re-
corded over specific electrodes or neural nodes.*” The PLI
has been shown to be less influenced by spurious correla-
tions than power coherence measures because of common
sources.

(b) Power-based connectivity analyses involve the cor-
relation between 2 signals over time and across frequency
amplitudes. These correlations can be computed be-
tween activity in the same or different frequency bands
(i.e., power coherence (PC)) and between different events
(i.e., inter-trial coherence).*>** For instance, PC calculates
the absolute correlation between amplitudes in specific
frequency bands over time.

(¢) Mutual information (MI) and related measures such
as transfer entropy and joint entropy are based on the con-
cept of entropy, which can be defined as the amount
of information within a variable.?* Mutual information
is a functional connectivity index that estimates the level
of information shared between 2 variables or time se-
ries, and is calculated by adding the individual entropies
of the time series and subtracting the joint entropy.

Therefore, EEG functional connectivity measures can
provide multidimensional data and largely independent
information. However, the cross-validation of results us-
ing more than 1 technique is rare in the literature.® These
evidence-based approaches highlight neural mechanisms
of brain plasticity and connectivity in healthy individu-
als,>*>® but more importantly, they could also lead to ad-
equate prediction and evaluation of clinical symptoms
or treatment improvements.1%:20:30:36:56-60 Ty particular,
a recent study compared different measures to predict
clinical outcomes in patients with traumatic or non-
traumatic acquired brain injuries.?’ While the PLI con-
nectivity may reflect the typical diffuse axonal damage
in trauma patients, the MI and PC predicted long-term
clinical outcomes in all patients. Moreover, a larger PC
within the fronto-parietal motor network in the first weeks
after stroke correlated positively with subsequent motor
and cognitive improvements, while connectivity increases
were associated with poorer clinical outcomes.®!

Impaired PLI connectivity within the fronto-parieto-
occipital areas can be an accurate biomarker for pre-
dicting the future development of psychiatric disorders
in subclinical populations.®®6263 In addition, large-scale
connectivity impairments within the alpha range have
been directly associated with the severity of the positive
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symptoms of schizophrenia.®* Furthermore, several stud-
ies report a decrease in long-range connectivity among
the autism spectrum disorder population using different
measures,®>% while results regarding short-range con-
nectivity are not as clear.®* Moreover, abnormal later-
alization and inter-hemispheric connectivity in autism
spectrum disorders have been consistently reported across
studies.

Conclusions and future insights

As discussed, EEG-based connectivity is a multifaceted
world comprising various methodological approaches with
different advantages and limitations.®>”° There is no opti-
mal brain connectivity measurement, and using one mea-
sure should be based on the study hypotheses and the neu-
rophysiological and/or neurological mechanisms behind
the specific connectivity. Many recent studies have focused
on modeling and estimating EEG-based connectivity, and
increasing evidence shows that it can be helpful in investi-
gating and understanding human cognition as well as psy-
chiatric and neurological conditions.?#>

After decades of intensive use, there is no doubt that
EEG-based research has a great potential, and the study
of EEG functional connectivity can have a massive impact
with decisive repercussions in research and clinical prac-
tice. However, to use connectivity measures in a clinical
context, one of the major advances should be the ability
to collect normative data to reduce biases and better un-
derstand the link between functional networks and cogni-
tion.® Moreover, although algorithms were implemented
to compute functional connectivity measures, technical
advances are needed to make those measures reliable and
easy to implement in a clinical context. In this view, inter-
national cooperation and open data repositories with strict
methodological standards should be encouraged among
scientists.”!

In recent years, quantitative EEG measurements, brain
connectivity data and clinical data were combined using
machine learning algorithms in multicenter studies to im-
prove accuracy in the clinical classification of neuropsychi-
atric diseases and brain diseases as well as to study com-
plex cognitive functions.?*>?72 Advances in the application
of machine learning algorithms in a clinical context may
help with clinical decision-making and the implementa-
tion of brain—computer interfaces in neurorehabilitation.
Moreover, integrating psychophysiological, structural and
functional imaging data with behavioral data using caus-
ative statistics can create models of cognitive functions’
and neuropsychiatric diseases,'>747¢ and advance our un-
derstanding of human cognition.

In the near future, EEG-based connectivity could pro-
vide crucial information about neural network functioning
in health and disease with high temporal resolution and
precision. These EEG measurements may help characterize
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the psychophysiological correlates of brain diseases and
cognitive functions as well as monitor the psychophysi-
ological effects of neurorehabilitative treatments over time.
However, current international guidelines do not endorse
the use of EEG biomarkers in clinical trials performed
in patients, for example, in Alzheimer’s disease,’” autism
spectrum disorders,”® depression,”® and other neuropsy-
chiatric disorders, despite increasing evidence.®® Thus,
it is currently reasonable, timely and relevant to make
a concerted effort to translate scientific advances into
clinical practice.
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Abstract

Background. The motor symptoms in patients with Parkinson’s disease (PD) are commonly preceded
by gastrointestinal (GI) symptoms. The enteric nervous system (ENS) has also been reported to exhibit
neuropathological characteristics of PD.

Objectives. To evaluate the relationship between the incidence of parkinsonism and alteration in qut
microbiota and pathogens.

Materials and methods. Studies in different languages that evaluate the relationship between gut mi-
croorganisms and PD were included into this meta-analysis. The outcomes of these studies were analyzed
using a random effects model; it was also used to calculate the mean difference (MD) with 95% confidence
interval (95% CI) in order to quantify the impact of different rehabilitation techniques on clinical parameters.
Dichotomous and continuous models were used for the analysis of extracted data.

Results. A total of 28 studies were included in our analysis. The analysis of small intestinal bacterial over-
growth showed a significant correlation with Parkinson’s subjects compared with controls (p < 0.001).
In addition, the presence of Helicobacter pylori (HP) infection was significantly related to the Parkinson’s
group (p < 0.001). On the other hand, there was a significantly higher abundance level of Bifidobacteriaceae
(p=0.008), Verrucomicrobiaceae (p < 0.001) and Christensenellaceae (p = 0.003) in Parkinson’s subjects.
In contrast, a significantly lower abundance levels in Parkinson’s subjects were found in Faecalibacterium
(p = 0.03), Lachnospiraceae (p = 0.005) and Prevotellaceae (p = 0.005). No significant difference was
related to Ruminococcaceae.

Conclusion. Parkinson’s subjects showed a higher degree of alteration of qut microbiota and pathogens
compared with normal human subjects. Future multicenter randomized trials are needed.

Key words: intestinal bacteria, Helicobacter pylor, microbiota, Parkinson’s, qut
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Introduction

Parkinson’s disease (PD) is a neurological movement ill-
ness that affects multiple systems and worsens over time.!
Patient with PD has both motor and nonmotor symptoms,
such as hyposmia, sleep difficulties, depression, and gastro-
intestinal (GI) symptoms. Motor symptoms include rest-
ing tremors, bradykinesia, rigidity, and gait abnormalities.>
The most prevalent GI symptom in PD is constipation, which
may be present in up to 80% of patients before the appear-
ance of motor symptoms. Therefore, constipation is consid-
ered a clinical indicator for the diagnosis of prodromal PD.*
The loss of dopaminergic neurons in the substantia nigra
pars compacta and the appearance of Lewy bodies (LBs)
or Lewy neurites, which consist of aberrant a-synuclein ag-
gregates, are the major neuropathological hallmarks of PD.*
According to Braak’s pathological staging, the development
of PD begins with the ingestion or inhalation of a pathogen,
which then causes the creation of LBs and their subsequent
migration from the GI tract to the central nervous system
via the vagus nerve.® As a result, researchers began to pay
more attention to the “gut—brain axis” as a potential player
in the pathogenic mechanism of PD.

The presence of an intestinal infection has been associated
with a higher risk of developing PD,”# which may then lead
to PD-like symptoms.® The gut microbiota of PD patients has
been shown to exacerbate a-synuclein-mediated motor im-
pairments and brain disease in a PD mouse model, whereas
a germ-free PD mouse model had less severe a-synuclein
pathology.’® Accordingly, a disruption in the gut flora may be
arisk factor for PD. The gut microbiota is an intricate system
that produces several antimicrobial chemicals and serves
as a physical barrier against invading infections.!! There
is mounting evidence that LB development in the enteric
nervous system (ENS) may be triggered by abnormalities
in the gut microbiota and their metabolic products.

Intestinal epithelial Helicobacter pylori (HP) is a Gram-
negative bacteria that, in the absence of eradication drug ther-
apy, causes chronic mucosal inflammation and persistent in-
fection.!? Studies conducted in the 1980s proved the causative
association of this bacterium with peptic ulcers and stomach
cancer.1? Subsequent research with varying levels of evidence
confirmed the association between HP infection and several
extra GI diseases, such as idiopathic thrombocytopenic pur-
pura, unexplained iron deficiency anemia, ischemic heart dis-
eases, and neurological disorders (such as stroke, Alzheimer’s
disease and PD).!> Moreover, it has been investigated whether
or not HP infection is linked to PD. Patients with PD, for in-
stance, have been found to have a greater frequency of HP in-
fections than the general population.® In several case-control
studies, patients with PD have been shown to have greater
titers of antibodies to HP than controls.}* In addition, motor
performance is worse in PD patients with HP infection com-
pared to PD patients without HP infection,'® but motor func-
tion can be improved by changing levodopa absorption in PD
patients who undergo HP eradication therapy.!® However,

S. Zhou et al. Gut microorganisms and Parkinson'’s disease

there has been a dearth of research on whether HP infection
is linked to PD in the general population.

Objectives

The current meta-analysis aims to evaluate the relation-
ship between the incidence of parkinsonism and alteration
in gut microbiota and pathogens.

Materials and methods
Study design

Meta-analyses of clinical studies were included in the ep-
idemiological declaration and had a set study protocol. For
data collection and analysis, a wide variety of databases
were consulted, including Google Scholar, Cochrane Li-
brary, Embase, OVID, and PubMed, in search of paper
published between 1996 to 2020.

Data pooling

Evaluating the association between the occurrence
of parkinsonism and alterations in the gut microbiota and
pathogens is the subject of prospective and retrospective
investigations. There was no language limitation for study
inclusion; only human-related research was included re-
gardless of the sample size. In the current meta-analysis,
non-interventional studies such as reviews, editorials and
research letters were excluded. Figure 1 depicts the com-
prehensive study identification procedure.

Records identified Records identified
through database through other sources
search (n = 1070) (n=0)

After duplication removal
(n=608)

Records excluded
(n=463)

Full text evaluated
(n=145)

[ Eligibility ] [ Screening ] [Identiﬂcation]

Full text excluded
because not related
to inclusion criteria

(n=117)

Studies included in the
meta-analysis
(n=28)

[ Inclusion ]

Fig. 1. Schematic diagram of the study procedure and inclusion of trials

Eligibility and inclusion criteria

An evaluation of the association between the incidence
of parkinsonism and alterations in the gut microbiota and
infections was performed to compile this summary.
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The study of sensitivity was limited to articles report-
ing the association between the occurrence of parkinson-
ism and alterations in the gut microbiota and pathogens.
In addition to examining the impact of the occurrence
of infections in PD patients compared to healthy controls,
this study also examined the relationship between the two.
Various subject types were compared to the interventional
groups for subclass and sensitivity analyses.

For an article to be considered for inclusion in our meta-
analysis, it had to satisfy the following inclusion criteria:

1. Only clinical trials involving humans were included.

2. Subjects with PD were the intervention population
examined against a control group.

3. Intestinal microorganisms, including microbiota, dis-
covered in stool samples, were the main point of research
in recruited studies.

The exclusion criteria were:

1. Studies that did not evaluate the relationship between
specific microorganisms found in the gut microbiota with
the risk of PD.

2. Review articles, research letters, books, or book
chapters.

Identification

Under the PICOS principle, the following protocol
of search tactics was established: P (population) — sub-
jects with PD; I (intervention/exposure) — stool samples
for detection of intestinal bacteria; C (comparison) — quan-
tity and incidence of gut microorganisms in PD compared
to controls; O (outcome) — incidence levels of HP and in-
testinal microorganisms in PD against the control group;
S (design of the study) — prospective or retrospective clini-
cal studies.

Relevant articles published till August 2022 were
searched through a comperhensive search of Cochrane
Library, Embase, PubMed, OVID, and Google Scholar
databases, using the key words and associated phrases
given in Table 1. The titles and abstracts of all the articles
that had been compiled in a reference management pro-
gram were reviewed, and all studies that did not correlate
postoperative results with rehabilitation strategies were
excluded. The 2 authors (BL and YD) served as reviewers
for the selection of appropriate studies.

Screening

According to the following criteria, data from different
studies were collected to include: study- and subject-re-
lated features in a standard format; the surname of the first
author; the length of the study; the year of publication;
the country of the study; the design of the study; the popu-
lation type recruited in the study; the total number of sub-
jects; qualitative and quantitative evaluation method; de-
mographic data; clinical and treatment characteristics;
information source; outcome evaluation; and statistical
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Table 1. Search strategy for each database

Database | Search strategy

#1 "Parkinsonism” [MeSH terms] OR “Microbiota” [all fields]
#2 "Gut” [MeSH terms] OR “H.Pylori” [all fields]

#3 #1 AND #2

(word variations have been searched)

PubMed

#1"Parkinsonism”/exp OR "Microbiota”
#2"Gut"/exp OR"H.Pylori”

#3 #1 AND #2

(word variations have been searched)

Embase

#1 "Parkinsonism”: ti,alb,kw OR “Microbiota”: ti,alb,kw (word
variations have been searched)

#2 "Gut": ti,ab,kw OR “H.Pylori": ti,ab,kw (word variations
have been searched)

#3 #1 AND #2

#1 "Parkinsonism” [all fields] OR “Microbiota” [all fields]
#2"Gut" [all fields] OR "H.Pylori” [all fields]

#3 #1 AND #2

(word variations have been searched)

Cochrane
Library

ovID

#1 "Parkinsonism” OR “Microbiota”
#2"Gut” OR"H.Pylori"

#3 #1 AND #2

(word variations have been searched)

Google
Scholar

ti,ab,kw — terms in either title or abstract or keyword fields;
exp — exploded indexing term.

analysis methods. Each study was assessed for bias, and
the methodological quality of the chosen studies was eval-
uated by 2 of the authors in a blinded fashion.

Statistical analyses

Mean difference (MD) and 95% confidence interval
(95% CI) were determined using a random effects model.
Due to a substantial heterogeneity in certain groups and
inconsistent technique in other groups, all groups were
evaluated using the random model. Utilizing the fixed
models required proof of high similarity between the in-
cluded studies and low heterogeneity (I?) level. The I?
index was calculated as a percentage value ranging from
0% to 100%. The absence of heterogeneity was indicated
by I of 0%. The I? values ranged from >0% to <25%, 25%
to <75% and >75% indicating low, moderate and high
heterogeneity, respectively. As indicated previously,
the subcategory analysis was performed by stratifying
the first evaluation into result categories. The publica-
tion bias was analyzed statistically using the Begg’s test
and the Egger’s tests, and it was deemed to exist when
p < 0.05. The p-values were determined using a two-
tailed test. Statistical analyses and graphs were pro-
duced using Jamovi 2.3 software (https://www.jamovi.
org/download.html).

Results

After a review of 1070 relevant studies, 28 stud-
ies published between 1996 and 2019 were included


https://www.jamovi.org/download.html
https://www.jamovi.org/download.html
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Table 2. Characteristics of included studies

Year @iy Intervention Control Total anmber Intervention
group, n group, n of subjects

Huang et al.” 2018 Greece 9105 9105 18,210 relation between HP and incidence of parkinsonism
Ahoetal."” 2019 Finland 64 64 128 relation between gut microbiota and parkinsonism
Barichella et al.’® 2018 [taly 193 113 306 relation between gut microbiota and parkinsonism
Bedarfetal.”” 2017 Germany 31 28 59 relation between gut microbiota and parkinsonism
Blaecher et al.?® 2013 [taly 60 256 316 relation between HP and incidence of parkinsonism
Buetal? 2015 UK 131 141 272 relation between HP and incidence of parkinsonism
Charlett et al.2 1999 Japan 33 78 11 relation between HP and incidence of parkinsonism
Charlettetal. 2009 UK 120 196 316 relation between HP and incidence of parkinsonism
Davies et al 2* 1996  Taiwan 15 15 30 Sma"Oir?ttf:i';‘igiﬁ?gi?gg[girm?sig pact

Dobbs et al.?® 2000 UK 105 210 315 relation between HP and incidence of parkinsonism
Efthymiou et al.?® 2017 Greece 39 68 107 relation between HP and incidence of parkinsonism
Fasano et al.?’ 2013 Malaysia 33 30 63 relation between HP and incidence of parkinsonism
Fasano et al.?’ 2013 Malysia 33 30 63 Smal!r?ttehS:S\i%ﬁfﬁgiﬁ;ggﬁ;ﬁ;gpaCt

Gabrielli et al® 2011 UK 48 36 84 Sma"Oi:ttfgi”ni%aecrfigifgi[Eifsvﬁsigpaa

Hasegawa et al.* 2015 USA 52 36 88 relation between gut microbiota and parkinsonism
Hill-Burns et al.*° 2017 China 197 130 327 relation between gut microbiota and parkinsonism
Hopfner et al.?! 2017 Germany 29 29 58 relation between gut microbiota and parkinsonism
Lietal 2019 China 51 48 99 relation between gut microbiota and parkinsonism
Lietal?® 2019 China 10 10 20 relation between gut microbiota and parkinsonism
Lietal* 2017 China 24 14 38 relation between gut microbiota and parkinsonism
Linetal® 2018 China 75 45 120 relation between gut microbiota and parkinsonism
Nafisah et al % 2013 Denmark 29 23 52 relation between HP and incidence of parkinsonism
Nielsen et al3” 2012 UK 4484 22416 26,900 relation between HP and incidence of parkinsonism
Niu et al 3® 2012 Italy 182 200 382 Sma"Oirr:ttiseﬂi”necgaecrfcegZ?;g[gﬁgﬂ;: pact

Petrov et al* 2017 Russia 89 66 155 relation between gut microbiota and parkinsonism
Ren et alA° 2020 China 14 13 27 relation between gut microbiota and parkinsonism
Scheperjans et al.4! 2015 Finland 72 72 144 relation between gut microbiota and parkinsonism
Tsolaki et al.#? 2015 China 9 31 40 relation between HP and incidence of parkinsonism
Unger et al.# 2016 Germany 34 34 68 relation between gut microbiota and parkinsonism

in the meta-analysis because they fit the inclusion crite- Helicobacter pylori

ria.”7=*3 Table 2 (characteristics of included studies: year,
country, number of subjects, and study quality) summa-
rizes the findings of these investigations.

Small intestinal bacterial overgrowth

The analysis included 4 studies that showed significantly
increased growth of small intestinal bacteria in PD subjects
compared with controls (p < 0.001, MD = 1.66 (95% CI:
1.1623-2.15), I? = 7.1%). Neither the rank correlation nor
the regression test showed funnel plot asymmetry (p = 0.33
and p = 0.18, respectively) (Fig. 2A).

The analysis comprised 11 studies that found a sig-
nificantly higher incidence of HP among PD subjects
compared with controls (p < 0.001, MD = 0.51 (95% CIL:
0.27-0.74), I?> = 44.5%). Neither the rank correlation nor
the regression test showed funnel plot asymmetry (p = 0.44
and p = 0.4, respectively) (Fig. 2B).

Bifidobacteriaceae

The analysis included 8 studies that showed signifi-
cant abundant levels of Bifidobacteriaceae in PD subjects
compared with controls (p = 0.002, MD = 0.35 (95% CIL:
0.09-0.61), 1> = 76%). Neither the rank correlation nor
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A Incidence of small intestine bacteria overgrowth
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Fig. 2. Forest plot showing the incidence of small intestinal bacterial
overgrowth and the incidence of Helicobacter pylori (HP) infection for
Parkinson’s subjects compared with controls

the regression test showed funnel plot asymmetry (p = 0.11
and p = 0.22, respectively) (Fig. 3A).

Christensenellaceae

Five studies included in this analysis showed signifi-
cantly higher levels of Christensenellaceae in PD subjects
compared with controls (p = 0.003, MD = 0.20 (95% CL:
0.07-0.34), I? = 0.67%). Neither the rank correlation nor
the regression test revealed any funnel plot asymmetries
(p = 0.81 and p = 0.85, respectively) (Fig. 3B).

Faecalibacterium

Five studies included in this analysis showed significantly
lower levels of Faecalibacterium in PD subjects compared
with controls (p = 0.01, MD = -0.33 (95% CIL: -0.65—-0.02),
I2 = 72.2%). Neither the rank correlation nor the regression
test indicated any asymmetry in the funnel plot (p = 1.00
and p = 0.52, respectively) (Fig. 3C).

Lachnospiraceae
The analysis of 7 studies that met the inclusion criteria

showed significantly lower levels of Lachnospiraceae in PD
subjects compared with controls (p = 0.005, MD = -0.34
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(95% CI: -0.58—-0.1), I? = 62.7%). No significant asymme-
try was found using either the rank correlation or the re-
gression test (p = 0.77 and p = 0.44, respectively) (Fig. 3D).

Prevotellaceae

Nine studies included in this analysis showed sig-
nificantly lower levels of Prevotellaceae in PD subjects
compared with controls (p < 0.001, MD = -0.37 (95% CI:
-0.62—-0.11), I? = 72.4%). There was no significant bias
according to the rank correlation or the regression test
(p =0.92 and p = 0.85, respectively) (Fig. 3E).

Ruminococcaceae

The analysis included 10 studies that showed a non-
significant difference between PD subjects and controls
(p = 0.1, MD = 0.66 (95% CI: —0.19-1.51), I = 96.8%) re-
garding Ruminococcaceae levels. The regression test re-
vealed a significant publication bias (p = 0.001), although
the rank correlation test did not (p = 0.12) (Fig. 3F).

Verrucomicrobiaceae

The analysis included 7 studies using the random effects
model that showed significant levels of Verrucomicrobia-
ceae (p < 0.001, MD = 0.45 (95% CI: 0.21-0.69), I* = 67.9%).
Neither rank correlation nor regression test suggested
a publication bias (p = 1.00 and p = 0.6279, respectively)
(Fig. 3G).

Discussion

Patients with PD were found to have significantly
lower levels of numerous metabolic products secreted
by their gut bacteria, which may lead to constipation.*®
Functional differences between PD patients and controls
were found in the glucuronate and tryptophan degrada-
tion pathways.! Several bioactive molecules with puta-
tive neuroprotective effects, including short-chain fatty
acids (SCFAs), ubiquinone and salicylate, were modified
in PD, as were the substances associated with neurode-
generation, including ceramides, sphingosine and trimeth-
ylamine N-oxide.** Disease duration, motor symptom
severity and non-motor symptom severity were all ob-
served to correspond with several gut bacteria.*> Changes
in the composition of the metabolome, such as the de-
crease in SCFAs, have also been linked to impairments
in cognition. In PD, decreased butyrate levels have been
linked to increased levels of postural instability and gait
disorder.** Total counts of gut microbiota declined over
the course of PD progression and differed between wors-
ening and stable PD groups, according to a 2-year follow-
up study that suggested they could be utilized as a diag-
nostic tool for monitoring the course of PD.*647 The levels
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Fig. 3. Forest plot showing alteration in gut microbiota for Parkinson’s subjects compared with controls

of Bifidobacteriaceae were found to be lower in the severe
case of PD compared with the stable case and they were
linked to the delusional symptoms and hallucination.?
These manifestations could be a result of a lower anti-
oxidant effect associated with a lower Bifidobacteriaceae
count.?® In the current study, the level of Bifidobacteri-
aceae was compared between PD subjects and healthy
controls, and was higher in PD subjects. Some studies
indicated a lower abundance of Bifidobacteriaceae, while
the majority indicated a higher abundance.*®
Twenty-five genetic markers from the gut microbiota
were found to be significantly altered in PD, and an index
was developed from these changes; this index could dif-
ferentiate between individuals with PD and those with
multiple system atrophy.*> Heterogeneous reactions to le-
vodopa, such as diminished efficacy and unpleasant side

effects, are reported among patients with PD. This may be
due, in part, to variations in the gut microbial activity.*’
Delivery method, newborn feeding, nutrition, lifestyle, cul-
ture, geography, age, gender, and other factors all contribute
to the unique composition of each person’s gut microbiota.>
However, even when we controlled for these variables, we still
discovered that the quantity of Prevotellaceae, Faecalibacte-
rium, Lachnospiraceae, Bifidobacteriaceae, Verrucomicrobi-
aceae, and Christensenellaceae all varied in a PD patient’s gut,
regardless of where the study was conducted. These shifts
in gut microbiota were mostly associated with PD clinical
markers or may have operated as PD progression promot-
ers. It is now well established that inflammation contributes
to the onset of PD, activating microglia that play a critical
role in the destruction of dopaminergic neurons and the ac-
cumulation of a-synuclein.> Short-chain fatty acids may have
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neuroprotective effects due to their anti-inflammatory and
antioxidant properties, which could aid in the regulation
of neuroinflammation and gut permeability.>?> Microglial
activation and an uptick in the risk of a-synuclein deposition
in PD have been linked to an imbalance in the bacteria that
produce SCFAs. In terms of the lipid metabolism pathway,
oxidative stress and inflammatory reaction may be facili-
tated by lipid dysregulation, hence contributing to PD patho-
physiological process.>® In synucleinopathy, lipids influence
a-synuclein aggregation and transit.>>* This suggests that
alterations in the gut microbiota that have a role in lipid me-
tabolism may also contribute to the pathophysiology of PD.
A previous review showed results similar to the current study,
expressed as the higher abundance of Verrucomicrobiaceae,
Christensenellaceae and Bifidobacteriaceae in PD subjects
compared with controls.” In addition, it was reported that
the abundance of Prevotellaceae is lower in PD subjects com-
pared with controls. While the mentioned review showed
different results regarding Ruminococcaceae which have
been reported to be highly abundant in PD subjects in 3 stud-
ies,” in the current research, 10 studies have been selected
and analyzed to reflect the conclusion of a non-significant
difference between PD and controls. Another study by Ro-
mano et al. showed the results similar to the current studies
regarding the abundance of Bifidobacteriaceae, Lachnospi-
raceae and Faecalibacterium in PD subjects compared with
controls.>

Various hypotheses have been proposed in order to to ex-
plain the mechanism(s) connecting HP and eventual PD.
For example, endotoxins from Gram-negative bacteria
may cause microglia to produce inflammatory markers via
the humoral or vagal afferent pathways, leading to the no-
tion of microglia-mediated neuroinflammation. Nitric
oxide can be transferred via the vagal pathway®” and lead
to a-synuclein misfolding,*®® and interleukin (IL)-1 and
tumor necrosis factor alpha (TNF-«) can pass the blood—
brain barrier and harm the dopaminergic neurons via
the humoral pathway.?! The a-synuclein is thought to be
a prion-like protein that is improperly deposited in the ENS
of PD patients and may acquire the access to the central
nervous system via the vagus nerve.®*¢! In its soluble state,
the protein would be able to pass the blood—brain barrier.®?
It has also been suggested that apoptosis may play a role
in the link between HP infection and eventual PD,% with
the infection entering the brain via the oral-nasal olfactory
route, activating apoptosis via the mitochondrial apoptotic
pathway and causing dopaminergic neuron degeneration.
The HP infection may promote a-synuclein-mediated
neuroinflammation® by disrupting gut microbiota and
host homeostasis,®* possibly via effects on microbial SCFA
signaling and microglial activation. Furthermore, small
intestinal bacterial overgrowth may perform an alternate
or synergistic role to HP, activating degenerative processes
in the ENS.?® Bacterial overgrowth in the small intestine
has been linked to an increased risk for developing PD?8:¢>
and has been shown to predict motor impairment in PD
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on its own. Increased levels of Enterococcus spp. and
Staphylococcus aureus were observed in the stomach and
duodenum in other investigations evaluating the impact
of HP infection on the digestive tract.®® Increased levels
of E. coli and Enterococci were also found in the cecum,
and Bacteroides/Prevotella spp. were found in the colon,
according to another study.®”

Limitations

Many studies discusing a similar topic were excluded
as they did not meet the inclusion criteria. Furthermore,
the influence of race on the shown outcomes was not as-
sessed in all of the included research. In addition, patients
with GI symptoms were most commonly diagnosed using
endoscopic mucosal biopsy due to the limited funding for
13C urea breath testing. This may suggest that the HP
infection had been prevalent for some time. Similar diffi-
culties were encountered when attempting to differentiate
between HP infection and gastritis or peptic ulcers.

Conclusions

Parkinson’s subjects showed a higher degree of alteration
of gut microbiota and pathogens compared with healthy
subjects. Higher incidence of small intestinal bacteria over-
growth and HP were significantly related to parkinsonism.
Future multicenter randomized trials are still needed.
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Abstract

Introduction. According to many reports, multidisciplinary comprehensive care alleviates Parkinson’s
disease (PD) more frequently than any other standard care, though the results were found to vary greatly.

Materials and methods. A systematic literature search up to July 2022 was performed and 1234 related
studies were evaluated. The chosen studies comprised 1115 subjects with PD who participated in baseline
trials; 633 of them were under multidisciplinary comprehensive care, while 482 were under standard care.
Odds ratios (ORs) and mean differences (MDs) with 95% confidence intervals (95% Cls) were calculated
to measure the results of multidisciplinary comprehensive care for PD by the contentious and dichotomous
approaches with a random or fixed influence model employed.

Results. The use of multidisciplinary comprehensive care resulted in significantly better health-related quality
of life (HRQL) (MD: —=3.17; 95% (I: —5.98——0.35, p = 0.03) and Unified Parkinson’s Disease Rating Scale
(UPDRS) score (MD: —5.25; 95% CI: —10.14——0.37, p = 0.04) compared to the standard care for subjects
with PD. Nevertheless, no significant difference was found between multidisciplinary comprehensive care and
standard care for subjects with PD regarding medication dosage (MD: 0.31;95% CI: —0.72-1.34, p = 0.56)
and caregiver strain (MD: —0.51; 95% CI: —1.69—0.67, p = 0.40).

Conclusions. Outpatient multidisciplinary comprehensive care models may improve patient-reported HRQL
and UPDRS score; nevertheless, no significant difference was found in terms of medication dosage and care-
giver strain compared to the standard care for subjects with PD. The small sample size of 2 out of 7 analyzed
studies and the small number of studies in certain comparisons requires attention when analyzing the results.

Key words: Parkinson’s disease, integrated care, health-related quality of life, Unified Parkinson’s Disease
Rating Scale
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Background

Parkinson’s disease (PD) is a progressive neurological
condition with bradykinesia, tremor, stiffness, and postural
instability as its hallmarks. These clinical symptoms can
be present in several illnesses, and the clinical syndrome
is known as parkinsonism. Parkinsonian disorders are
conditions where parkinsonism is a dominant feature.
Parkinson’s disease has toxic, traumatic and degenerative
vascular etiologies.! In autopsy series, synucleinopathies
(Lewy body disease and multiple system atrophy) and
tauopathies (progressive supranuclear palsy and cortico-
basal degeneration) are the most prevalent neurological
causes of PD.? Because the above causes include additional
symptoms, some of these are regarded as atypical PD.3*
Parkinson’s disease is characterized by irregularities
of movement, including tremors, gait and balance issues,
and slowness of movement.® The abnormalities of neuro-
nal and muscular activity that are associated with these
symptoms are well understood.® Motor symptoms can
also be described in terms of motor control, a level of de-
scription that explains how movement variables, such
as a limb’s position and speed, are controlled and coordi-
nated.” Understanding motor symptoms as motor control
abnormalities means identifying how the disease disrupts
normal control processes.®* In the case of PD, movement
slowness, for example, would be explained by a disruption
of the control processes that determine normal movement
speed.’>~2® The capacity to manage behaviors can be im-
pacted by emotions.?* The valence of emotional cues may
have a varied impact on certain motor skills; however,
it is unclear whether emotions have a positive or negative
impact on action control.?” The stop-signal task, which
calculates the ability to completely cancel a response
to the presentation of a stop signal using the stop signal
reaction times, is a method for measuring reactive inhibi-
tory control.?® When challenged with emotional stimuli,
such as stop signals in stop-signal tasks, action control
is both impaired and assisted, with conflicting outcomes
for positive compared to negative stimuli.?”

Since the beginning of cognitive neuroscience, it has
been known that emotions have an impact on several exec-
utive functions, including the inhibition of action; however,
the intricate interplay between emotional stimuli and ac-
tion regulation is still not fully comprehended.?® The stop-
signal task is a method of assessing inhibitory control.?
Regarding internal emotional stimuli such as stop signals
in stop-signal tasks, it has been discovered that action
control is both aided and impaired.?°

Currently, the most effective medical care available for
patients with PD entails a medical professional applying
cutting-edge diagnostic and therapeutic knowledge ac-
quired from cohort studies and clinical trials.3! The ability,
experience and intuition of medical professionals to trans-
late knowledge based on collective decision-making to in-
dividual decision-making is crucial to the much-needed
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customization of medicine.?? Within 20 years, such indi-
vidual therapeutic decisions will be substantially backed
by digital technologies, creating a new healthcare ecosys-
tem that is frequently referred to as “digital medicine.”®?
New “digital health pathways” or data-driven personalized
decision support, which is based on a combination of mul-
timodal data sources, including evidence-based medical
knowledge, is anticipated to be part of the next phase
of digitalization (e.g., clinical guidelines).>* Currently, PD
can only be treated with symptomatic medications.?® Both
motor and a wide range of nonmotor symptoms in PD
contribute to the general disease problem.3¢ This complex-
ity calls for a personalized, all-encompassing therapeutic
strategy. Given the variety of symptoms of the disease, PD
nurses or care coordinators who specialize in the condi-
tion can support patients in achieving their unique thera-
peutic objectives.?” Better self-management information,
adequate interdisciplinary collaboration amongst vari-
ous healthcare professionals, appropriate amount of time
to discuss potential future scenarios, and a specific health-
care professional guiding and support are among the re-
ported core needs from the patient’s point of view.3® With
widely differing degrees and intensities, several distinct
multidisciplinary comprehensive care models have been
formed globally to meet these needs.?* All of these models
strive to provide PD patients with structured, individu-
ally tailored treatment programs. Until now, programs’
venues, team makeup or degree of clinical integration
have not been consistent. The majority of programs do,
nevertheless, adhere to some common disciplines. Ad-
ditionally, the outcomes of published data vary in terms
of study design and findings (including improvement
in HRQL). The nomenclature employed is also not uni-
form, with care models most frequently being referred
to as “multidisciplinary”, “interprofessional”, “interdisci-
plinary”, or “integrated”. The phrase “multidisciplinary
comprehensive care” is consistently used. The delivery
of multidisciplinary comprehensive care involves at least
1 patient and numerous healthcare workers from various
specialties. The accessible data and evidence on present
multidisciplinary comprehensive care models and their
results concerning the improvements in the HRQL of PD
patients are synthesized in the current meta-analysis and
systematic review, along with Unified Parkinson’s Disease
Rating Scale (UPDRS), medication dosage and caregiver
strain. The most often used rating tool for PD is the UP-
DRS.44 Three subscales, namely (I) Mentation, Behavior,
and Mood; (II) Activities of Daily Living; and (III) Mo-
tor Examination, make up the total UPDRS score, which
consists of 31 items.?® Although this information might
provide help in clinical decision-making, the UPDRS does
not evaluate general cardiovascular fitness and offers only
scant details on functional performance relevant to daily
activities. Therefore, it is important to assess the UPDRS’s
ability to predict outcomes for time- and resource-inten-
sive tests, such as ambulatory function.
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Objectives

The objective of the study was to determine the out-
comes of multidisciplinary comprehensive care for PD, e.g.,
HRQL, UPDRS, medication dosage, and caregiver strain.

Materials and methods
Information sources

All studies included in the analysis involved humans
as research participants. Language or study scope were
not among the inclusion or exclusion criteria. The list
of publications did not include commentaries, review
papers and papers that did not present any relationship
between the studied phenomenons. The complete course
of the study is shown in Fig. 1. The studies were chosen
for the meta-analysis when the following inclusion criteria
were met:

1. The study was either a controlled trial, observational,
prospective, or retrospective study.

2. The selected subjects were subjects with PD.

3. The intervention program included multidisciplinary
comprehensive care.

4. The study was the consequence of multidisciplinary
comprehensive care for PD.

The studies which did not present any comparison
of outcomes within its protocol, studies that did not exam-
ine multidisciplinary comprehensive care in subjects with
PD, and research papers on subjects with no PD or without
multidisciplinary comprehensive care were excluded from
the study.

Search strategy

A protocol regarding search strategy was developed fol-
lowing the PICOS concept, and was characterized as fol-
lows: population (P) — subjects with PD; intervention (I)
— multidisciplinary comprehensive care technique; com-
parison (C) — multidisciplinary comprehensive care com-
pared to standard care; outcomes (O) — HRQL, UPDRS,
medication dosages, and caregiver strain; study design (S)
- no restrictions.*>43

A thorough search of the OVID, Embase, Cochrane
Library, PubMed, and Google Scholar databases up
to June 2022 was conducted, using an arrangement of key
words and correlated terms regarding multidisciplinary
comprehensive care, HRQL, PD, and UPDRS (as shown
in Fig. 1 and Table 1). To single out studies that did not
examine the relationship between multidisciplinary com-
prehensive care and standard care in subjects with PD,
all included papers were listed in an EndNote file, dupli-
cates were eliminated, and the titles and abstracts were
assessed.
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Records identified through Records identified through
database search other sources
(n=1234) (n=0)

' '

After duplications removal
Y

(n=956)
Full-text evaluated
(n=100) \
Y
because not related
to the study inclusion

Y (n=93)

Studies included
in the meta-analysis
(n=7)

Records excluded
(n =856)

Full-text excluded

Inclusion ] [ Eligibility ] [ Screening ] [Identification]

Fig. 1. Flowchart of the study

Table 1. Search strategy for each database

Database | Search strategy
#1 “multidisciplinary comprehensive care” [MeSH terms]
OR “subjects with Parkinson's disease” [all fields] OR
“standard care” [all fields]
LIS #2 "Unified Parkinson’s Disease Rating Scale” [MeSH terms]
OR "Health Related Quality of Life new" [all fields]
#3 #1 AND #2
#1 “multidisciplinary comprehensive care’/exp OR
“subjects with Parkinson'’s disease”/exp OR “standard
Emb care”
mbase #2 "Unified Parkinson’s Disease Rating Scale”/exp OR
“Health Related Quality of Life”
#3 #1 AND #2
#1 “multidisciplinary comprehensive care”: tiab,kw OR
“subjects with Parkinson’s disease”: ti,ab,kw OR “standard
Cochrane carg”g ti,ab,kvxi (word v;riations have been sgarched)
Ly #2 "Unified Parkinson’s Disease Rating Scale”: ti,ab,kw OR
“Health Related Quality of Life": ti,ab,kw (word variations
have been searched)
#3 #1 AND #2

MeSH — medical subject headings; ti,ab,kw — terms in either title
or abstract or keyword fields; exp — exploded indexing term.

Data collection process

The data collected for the purpose of the study included
the last name of the first author, country, quantitative and
qualitative assessment technique, the information source,
the results of the assessment, and statistical analysis
results.**

Study risk of bias assessment
Two authors individually evaluated the methodology

of the 7 chosen papers to ascertain the possibility of bias
in each study. The procedural quality was assessed using
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the “risk of bias instrument” from the Cochrane Hand-
book for Systematic Reviews of Interventions v. 5.1.0.% Each
study was assessed according to the evaluation criteria
and assigned one of 3 levels of bias risk. A study was rated
as having a low risk of bias if all the quality standards were
met. If one or more requirements were not met, a study was
rated as having a moderate risk of bias. High risk of bias
occurred if one or more quality criteria were not met at all
or were only partially met. The original article was revised
to remove any inconsistencies.

Effect measures

Only the studies that reported and assessed the influ-
ence of multidisciplinary comprehensive care in compari-
son to standard care underwent sensitivity assessment.
Sensitivity and subclass analyses were utilized to compare
the consequences of multidisciplinary comprehensive care
for PD.

Statistical analyses

The current meta-analysis used a fixed- or random-ef-
fects model with dichotomous and continuous techniques
to compute the odds ratio (OR) and mean difference (MD)
with a 95% confidence interval (95% CI). The heterogeneity
(I%) index was calculated using a range of 0-100%. The val-
ues were around 0%, 25%, 50%, and 75%, respectively, and
showed no, low, moderate, and high heterogeneity.* Addi-
tional characteristics that show a high degree of similarity
between the included studies were analyzed to confirm
the employment of the correct model. The random-effects
model was considered if I> was 50% or above; if I> was less
than 50%, the likelihood of employing the fixed-effects
model increased.* By stratifying the initial evaluation ac-
cording to the previously mentioned outcome categories,
the subclass analysis was finished. The value of p = 0.05
indicated statistical significance for differences between
the subcategories.

Reporting bias assessment

Publication bias was measured both qualitatively and
statistically using the funnel plots and the Egger’s regres-
sion test, which display the logarithm of ORs or MDs
compared to their standard errors (publication bias was
considered for p = 0.05).47

Certainty assessment

Two-tailed tests were used to analyze all p-values.
The graphs were created and the statistical analysis was
conducted using Reviewer Manager v. 5.3 (The Cochrane
Collaboration, Copenhagen, Denmark).
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Results

From a total of 1234 examined studies, 7 articles pub-
lished between 2003 and 2021 that met the requirements
and were included in the meta-analysis were selected. -5
Table 2 presents the findings from these studies. A to-
tal of 1115 subjects with PD participated in the selected
studies’ baseline trials; 633 of them underwent multidis-
ciplinary comprehensive care, while 482 were provided
with standard care. Sample size of the analyzed studies
was between 79 and 269. Six studies presented data or-
ganized according to the HRQL, 4 studies presented data
organized according to UPDRS, 3 studies presented data
organized according to the medication dosage, and 2 stud-
ies presented data organized according to caregiver strain.

The use of multidisciplinary comprehensive care re-
sulted in significantly better HRQL (MD: -3.17; 95% CI:
-5.98--0.35, p = 0.03, Z = 2.21, degrees of freedom
(df) = 5) with moderate heterogeneity (1> = 55%), and UP-
DRS (MD: -5.25;95% CI: -10.14—-0.37,p = 0.04, Z = 2.11,
df = 3) with moderate heterogeneity (I> = 71%) compared
to the standard care for subjects with PD (Fig. 2,3). Nev-
ertheless, no significant difference was found between
multidisciplinary comprehensive care and standard care
for subjects with PD in terms of medication dosage (MD:
0.31;95% CI: -0.72-1.34, p = 0.56, Z = 0.59, df = 2) with no
heterogeneity (I* = 0%), and caregiver strain (MD: —-0.51;
95% CI: -1.69-0.67, p = 0.40, Z = 0.85, df = 1) with low
heterogeneity (12 = 28%) (Fig. 4,5).

Stratified models could not be utilized to examine
the influence of some factors on comparison outcomes,
such as gender, age and ethnicity, due to scarcity of data
on these parameters. After performing quantitative evalua-
tions using the Egger’s regression test and visual inspection
of the funnel plot, there was no evidence of publication bias
(p=0.85,p =0.83, p=0.89, and p = 0.91, respectively, for
HRQL, UPDRS, medication dosage, and caregiver strain)
(Fig. 6-9). Nevertheless, the bulk of the included random-
ized controlled trials were found to have subpar method-
ological quality, no bias in selective reporting, and scant
outcome data.

Discussion

In the trials included in this meta-analysis, 1115 subjects
with PD participated in baseline trials; 633 of them received
multidisciplinary comprehensive care, while 482 were pro-
vided with standard care.*->* The use of multidisciplinary
comprehensive care resulted in significantly better HRQL
and UPDRS compared to the standard care for subjects with
PD. Nevertheless, no significant difference was found be-
tween multidisciplinary comprehensive care and standard
care for subjects with PD in terms of medication dosage and
caregiver strain. Caution should be taken when evaluating
the results due to the modest sample size of 2 studies (n = 100)
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Integrated care Standard care Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight [V, Random, 95% Cl Year IV, Random, 95% CI
Wade, 2003 26.7 137 53 26.2 132 41 14.5% 0.50 [-4.97, 5.97) 2003 —
TickleDDegnen, 2010 287 6.8 7% 35 7 40 25.0%  -2.80[-5.45-0.15) 2010 ol
van der Marck, 2013 19.7 142 51 202 134 49  14.7% -0.50[-5.91, 4.91] 2013 Y
Gage, 2015 25 167 181 273 198 88 16.6% -2.30[-7.10, 2.50) 2015 ST
Eggers, 2018 246 151 132 283 157 125 20.4% -3.70 [-7.47,0.07) 2018 —
Buono, 2021 35 204 100 50 3547 100 89% -1500[-23.02 -6.98) 2021 T TE R
Total (95% CI) 593 443 100.0%  -3.17 [-5.98, -0.35] -
Heterogeneity: Tau®= 6.43; Chi*= 11.22, df= 5 (P = 0.05); F= 55% t } t y

Test for overall effect: Z = 2.21 P = 0.03) =4 il i L o

Fig. 2. The forest plot of multidisciplinary comprehensive care compared to standard care regarding the health-related quality of life (HRQL) outcomes
in subjects with Parkinson'’s disease (PD)

df — degrees of freedom; 95% Cl — 95% confidence interval; SD — standard deviation.

Integrated care Standard care Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
van der Marck, 2013 199 144 5 237 1.3 49  26.9% -3.80[-8.86, 1.26) 2013 — &
Eggers, 2018 26.5 88 132 296 9 125 352% -3.10[5.28,-0.92] 2018 =
Buono, 2021 35 2052 100 50 30.35 100 20.8% -15.00[22.18,-7.82) 2020 ———=——
Mitsui, 2021 72 21 40 721 186 38 17.1% -0.10[-8.84, 8.64] 2021 T CEEE
Total (95% CI) 323 313 100.0% -5.25[-10.14, -0.37] -~
Heterogeneity: Tau®=16.44; Chi*=10.42, df =3 (P = 0.02); F=71% t } t y

Test for averall effect: Z=2.11 P = 0.04)

Fig. 3. The forest plot of multidisciplinary comprehensive care compared to standard care regarding the Unified Parkinson'’s Disease Rating Scale (UPDRS)
results in subjects with Parkinson’s disease (PD)

df — degrees of freedom; 95% Cl — 95% confidence interval; SD — standard deviation.

Integrated care Standard care Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
van der Marck, 2013 4551 247 51 5264 289 48  0.0% -71.30[-176.86,34.26) 2013 '
Gage, 2015 6635 403 181 632 404 88 100.0% 0.31 [[0.71,1.34] 2015 -
Eggers, 2018 641.8 424 132 6475 3732 125 0.0% -570[-103.23,91.83] 2018
Total (95% CI) 364 262 100.0% 0.31[0.72, 1.34]
Heterogeneity: Tau®= 0.00; Chi*= 1.78, df = 2 (P = 0.41); 1= 0% y t

Test for overall effect: Z = 0.59 P = 0.56) i o A & SOR

Fig. 4. The forest plot of multidisciplinary comprehensive care compared to standard care regarding the medication dosage outcomes in subjects with
Parkinson’s disease (PD)

df — degrees of freedom; 95% Cl — 95% confidence interval; SD — standard deviation.

Integrated care Standard care Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
Wade, 2003 31 27 53 38 32 41 931% -0.70(1.92 0.52 2003 —

van der Marck, 2013 176 123 51 155 106 49  6.9% 2.10[-2.39 6.59 2013

Total (95% Cl) 104 90 100.0% -0.51[-1.69, 0.67] *
Heterogeneity: Chi*= 1.39, df =1 (P = 0.24); 1= 28% :1 '2 0 2' :1
Test for averall effect: Z=0.85 (P = 0.40)

Fig. 5. The forest plot of multidisciplinary comprehensive care compared to standard care regarding the caregiver strain outcomes in subjects with
Parkinson’s disease (PD)

df — degrees of freedom; 95% Cl — 95% confidence interval; SD — standard deviation.

and the small number of studies including the comparisons, individual models, further information from head-to-head
e.g., medication dosage and caregiver strain. comparisons could be needed. Nevertheless, despite indi-

This systematic review identified several healthcare vidual variations in the models, earlier studies on other
delivery models that provide PD patients with multidis- topics, such as chronic lung illness, cancer treatment and
ciplinary comprehensive care. For a better understand- chronic renal disease, have effectively analyzed the impact

ing of the advantages and disadvantages of the various of multidisciplinary comprehensive care.®>=>% Although
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Table 2. Characteristics of the studies selected for the meta-analysis

Multidisciplinary Standard

Study, year Country Total | comprehensive care Intervention application Setting Control
care
PD nurse
hysical th i iali )
T P O O PN s vkl S
20034 P P 9 - 24 weeks care
social worker (program neurology clinic
coordinator)
Tickle- outpatient treStOnSwZnt standard
Degnen USA 116 76 40 movement disorder specialist specialist center '
40 - 2 months, care
etal, 2010 and home visits
4 months
movement disorder specialist euiEiTEE 4 standard
el Cler ONNTES specialist center sl care with
Marck etal, = Netherlands =~ 100 51 49 general neurologist P 4 months,
50 ) and general general
2013 social worker (program neuroloay dlinic 8 months neurolo
coordinator) 9y 9y
general neurologist
PD nurse )
gerontologist baseline,
Gageetal, ) - ) 6 weeks, standard
201457 UK 269 181 88 physga\ theraplstl community 24 weeks, care
occupational therapist
: 36 weeks
speech therapist
non-nurse coordinator
movement disorders specialist outpatient baseline,
Eggersetal, : - standard
20185 Germany 257 132 125 general neurologist neurology clinic 3 months, care
PD nurse and home visits 6 months
Lo Buono 60 days of hospitalization neurorehabilitation baseline, standard
etal, 2021% Italy 200 100 100 rehabilitative program unit 2 months care
physical therapist
occupational therapist
speech-language-hearing
; ) post-
o therapist; Tokushima
Mitsui et al,, ) o ) ) treatment, = standard
o Japan 79 40 39 2 categories of training: National Hospital,
2021 T o 32 months, care
multidisciplinary rehabilitation Japan
L ) 6 months
consisting of conventional
training of passive and active
movements
Total 1115 633 482 -

PD — Parkinson’s disease.

many concerns are still not answered, there are some im-
portant discoveries that might be taken into account for
the application of present or future multidisciplinary com-
prehensive care models in PD.* Some significant endorse-
ments for the organization of integrated clinical care teams
in PD have recently been made using a practice-based evi-
dence approach.®® Additionally, some team members, such
as the vascular medicine specialist,®! gastroenterologists,®?
pulmonologist, neuro-ophthalmologist, urologist, geriatri-
cian, palliative care specialist, and dentist, have not been
recognized as “classic” candidates of a multidisciplinary
comprehensive care model for PD.®* The inclusion of these
specialties may raise awareness of the complexity of non-
motor symptoms linked to PD and encourage the com-
mencement of more effective referrals to the appropriate
healthcare providers.®*%> According to a recent random-
ized controlled trial, extended multidisciplinary care
is superior to conventional multidisciplinary rehabilita-
tion in PD.%® Multidisciplinary comprehensive care models

offer a probability to harmonize healthcare pathways,
personalize healthcare utilization based on individual re-
quirements, and improve patient—provider communication
as digital infrastructures continue to develop.®® Neverthe-
less, there are few comprehensive statistics on these novel
methods and their use. It is crucial to note that the funda-
mental objectives of multidisciplinary comprehensive care
models might change in the future as researchers continue
to look for disease-modifying treatments to slow down,
halt or even reverse the neurodegenerative process linked
to PD. The team makeup and overall design of multidis-
ciplinary comprehensive care programs may need to be
reviewed whenever major advancements in this area are
made and some method of disease modification is truly
available.

This meta-analysis assessed the results of multidisci-
plinary comprehensive care for PD. More homogeneous
and larger study samples are necessary in such investiga-
tion. This was likewise emphasized in a previous work that
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Fig. 6. Health-related quality of life (HRQL) outcomes funnel plot

SE - standard error; MD — mean difference.
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Fig. 7. Unified Parkinson’s Disease Rating Scale (UPDRS) outcomes funnel plot

SE - standard error; MD — mean difference.

employed a similar meta-analysis technique and yielded
advantageous outcomes for multidisciplinary comprehen-
sive care and standard care for subjects with PD.%%%7 Since
in the present meta-analysis it was impossible to define
whether the differences in gender, age and ethnicity are
related to the outcomes, future randomized controlled
trials are needed to evaluate these factors.

Limitations

Since several studies identified during the search were
not included in the systemic review, there might have
been a selection bias. However, the removed publications
did not meet the necessary inclusion criteria. The sam-
ple size for 2 of the 7 chosen papers was less than 100.
Furthermore, we were incapable to determine whether
factors such as age, gender or ethnicity affected the out-
comes of the study. The meta-analysis aimed to compare
the outcomes of the standard care group with the multidis-
ciplinary comprehensive care group for subjects with PD.
The incorporation of data from earlier studies could have
added bias due to incomplete or inaccurate data. Potential
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Fig. 8. Medication dosage outcomes funnel plot

SE — standard error; MD — mean difference.
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Fig. 9. Caregiver strain outcomes funnel plot

SE - standard error; MD — mean difference.

sources of bias included the nutritional status of the par-
ticipants as well as their age and gender characteristics.
Regrettably, some unpublished papers and missing data
can bias the studied results.

Conclusions

The use of multidisciplinary comprehensive care re-
sulted in significantly better HRQL and UPDRS compared
to the standard care for subjects with PD. Nevertheless, no
significant difference was found between multidisciplinary
comprehensive care and standard care for subjects with PD
in terms of medication dosage and caregiver strain. Thus,
we encourage the use of multidisciplinary comprehensive
care for PD subjects. Communication between team mem-
bers is an important constituent of multidisciplinary com-
prehensive care and might need tailored solutions. Above
all, maintaining the subject-centered approach in any care
model requires constant feedback and availability of modi-
fication mechanism in which the subjects and caregiver
play equally vital roles.
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Abstract

Background. According to reports, ventilator-associated pneumonia affects critically ill patients more
frequently than any other nosocomial infection. Probiotic usage as a prophylactic intervention has shown
promising results in numerous studies.

Objectives. We performed a meta-analysis to evaluate the effect of probiotics on different parameters
in critically ill ventilated subjects.

Materials and methods. A systematic literature search up to June 2022 was performed and 5893 critically
ill ventilated subjects at the baseline of the studies were identified; 2912 of them were using the probiotics, and
there were 2981 controls. Odds ratio (OR) and mean difference (MD) with 95% confidence interval (95% (I)
were calculated to assess the effect of probiotics on different parameters in critically ill ventilated subjects
using the dichotomous and contentious methods with a random or fixed effects model.

Results. The probiotics caused asignificantly lower incidence of ventilator-associated pneumonia (OR = 0.52;
95% (I 0.40—0.68, p < 0.001), shorter duration of mechanical ventilation (MD = —2.22; 95% CI: —3.33—
—1.11, p < 0.001), shorter intensive care unit (ICU) stay (MD = —2.09; 95% (I: —=3.41——0.77,p = 0.002),
shorter hospital stay (MD = —2.36; 95% (l: —4.54——0.19, p=0.03), and lower oropharyngeal colonization
(OR=10.59;95% (l:0.36—0.96, p=0.03) in critically ill ventilated subjects compared with controls. However,
probiotic use had no significant difference in terms of diarrhea incidence (OR = 0.74; 95% CI: 0.52-1.07,
p = 0.11) and in-hospital mortality (OR = 0.90; 95% Cl: 0.79-1.03, p = 0.14) in critically ill ventilated
subjects compared with controls.

Conclusions. Probiotics caused a significantly lower ventilator-associated pneumonia incidence, shorter
duration of mechanical ventilation, shorter ICU and hospital stay, and lower oropharyngeal colonization. How-
ever, there was no significant difference in terms of diarrhea incidence and in-hospital mortality in subjects
who used probiotics compared with controls. The low sample size of 9 out of 27 researches and the small
number of studies in several comparisons requires attention when analyzing the results.

Key words: probiotic, ventilator-associated pneumonia, length of hospital stay, critically ill ventilated adult,
oropharyngeal colonization
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Introduction

According to reports, ventilator-related pneumonia af-
fects critically ill subjects more frequently than any other
nosocomial infection,! with a frequency of 2-16 sessions
per 1000 ventilator days.? Ventilator-related pneumonia
is said to be the most common cause of mortality among
nosocomial infections.? Although the pathophysiology
of ventilator-related pneumonia is extremely complex,
pathogenic bacterial colonization of the aerodigestive
tract and bacterial translocation are the main contribut-
ing factors of the disease.* Several trials and investiga-
tions have been conducted to determine the most effec-
tive pharmacological preventative techniques, including
the use of probiotics or antibiotics for specific gastro-
intestinal or oral disinfection. Numerous studies have
revealed that using probiotics as a preventative measure
offers promising outcomes®; however, antibiotic resistance
and price have been connected to the use of antibiotics for
specific gastrointestinal or oral disinfection, respectively.®
Probiotics are living, nonpathogenic microorganisms that
have been demonstrated to decrease bacterial translo-
cation by promoting mucosal immunity and regulating
the release of pro-inflammatory cytokines.* They pre-
vent the growth of pathogenic bacteria through a number
of ways, such as the production of different chemicals, e.g.,
organic acid, hydrogen peroxide and bacteriocins, compe-
tition for nutrients, prevention of pathogen attachment,
and inhibition of the effect of microbial toxins. Probiotics
similarly contribute to maintaining the mucosal protec-
tive barrier by stimulating the formation of the normal
epithelium.” Prebiotics are indigestible sugars that pro-
mote the development of particular bacterial colonies
through synbiotics that are a concoction of probiotics
and prebiotics.? In recent years, numerous randomized
controlled trials (RCTs) have been carried out to assess
the efficacy of probiotics in the inhibition of ventilator-
related pneumonia, due to their promising nature in criti-
cally ill subjects. Latest meta-analyses demonstrated
the effectiveness of probiotics in reducing the incidence
of ventilator-related pneumonia.'"* However, it is worth
noting that some of the trials included in the study were
of poor quality.

Objectives

The goal of the study was to assess the impact of pro-
biotic use on the incidence of ventilator-related pneumo-
nia, length of hospital stay, length of stay in an intensive
care unit (ICU), duration of mechanical ventilation, inci-
dence of diarrhea, frequency of oropharyngeal coloniza-
tion, and in-hospital mortality in critically ill ventilated
subjects.

B. Wang, J. Xie, Y. Teng. Probiotics in critically ill ventilated

Materials and methods
Eligibility criteria

Studies included in the analysis evaluated the impact
of probiotics on different parameters in critically ill ven-
tilated subjects. The analyses regarding the influence
of the probiotics compared with controls were summarized.’

All studies involved humans as participants. Inclusion
was unaffected by language or study size. Review articles,
comments and research that failed to provide a measure
of an association were all eliminated from the list of an-
alyzed publications. Figure 1 depicts the entire course
of the study. The inclusion criteria were as follows:

1. The research was either prospective, observational,
retrospective, or a controlled trial.

2. The intended subjects were critically ill ventilated
individuals.

3. The intervention regimen relied on probiotics.

4. The study compared probiotic use with controls.

The exclusion criteria were: 1) studies that did not exam-
ine the influence of probiotics compared to controls in criti-
cally ill ventilated subjects, 2) research on subjects treated
without probiotics or controls, and 3) studies without
the emphasis on the significance of comparison outcomes.

Records identified through Records identified through
database search other sources
(n=1765) (n=0)

' '

After duplications removal
/

(n=956)
Full-text evaluated
(n=100) \
because not related
to the study inclusion

/ (n=73)

Studies included
in the meta-analysis
(n=27)

Records excluded
(n=856)

Full-text excluded

[ Inclusion ] [ Eligibility ] [ Screening ] [Identification]

Fig. 1. Flowchart of the study process

Search strategy

According to the PICOS concept,'? a protocol of search
strategy was created and defined as follows: P (population)
— critically ill ventilated subjects; I (intervention/exposure)
— probiotics; C (comparison) — probiotic use compared
with controls; O (outcome) — ventilator-related pneumonia
incidence, mechanical-ventilation period, length of ICU
stay, length of hospital stay, oropharyngeal colonization,
diarrhea incidence, and in-hospital mortality; S (study de-
sign) — no restrictions.!!
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Table 1. Search strategy for each database

Database | Search strategy

#1 “critically ill ventilated adult” [MeSH terms] OR “probiotic”
[all fields] OR“length of hospital stay” [all fields] OR
“diarrhea” [all fields]

#2 “oro-pharyngeal colonization” [MeSH terms] OR “critically
ill ventilated adult”[all fields] OR “length of hospital stay”
[all fields] OR “ventilator-related pneumonia” [all fields]
ORin-hospital mortality” [all fields]

#3 #1 AND #2

PubMed

#1 “critically ill ventilated adult"/exp OR "probiotic’/exp OR
“length of hospital stay"/exp OR “diarrhea”

#2 "oro-pharyngeal colonization”/exp OR “length
of hospital stay”/exp OR “ventilator-related pneumonia”/
exp OR"in-hospital mortality”

#3 #1 AND #2

Embase

#1 “critically ill ventilated adult”: ti,ab,kw OR “probiotic”:
ti,abkw OR “length of hospital stay”: ti,ab,kw (word
variations have been searched)

Cochrane | #2 “diarrhea”: ti,ab,kw OR “oro-pharyngeal colonization”:

Library tiab,kw OR“length of hospital stay”: tiab,kw OR
“ventilator-related pneumonia”: ti,ab,kw OR “in-hospital
mortality”: ti,ab,kw (word variations have been searched)

#3 #1 AND #2

MeSH — medical subject headings; ti,ab,kw — terms in either title
or abstract or keyword fields; exp — exploded indexing term.

First, using the arrangement of key words and corre-
lated terms presented in Table 1, we conducted a thorough
search of the OVID, Embase, Cochrane Library, PubMed,
and Google Scholar databases for studies published until
June 2022. All found papers were listed in an EndNote file
(EndNote; Clarivate Analytics, London, UK), duplicates
were removed, and the titles and abstracts were examined
in order to exclude studies that did not show a relationship
between probiotics and controls in critically ill ventilated
people.

Data collection process

The data were gathered using the following criteria: last
name of the first author, study period, publication year,
country or region where the study was performed, popula-
tion type, clinical and management characteristics, quali-
tative and quantitative technique of assessment, informa-
tion source, results assessment, and statistical analysis.!?

Data items

When there were various results from a single study,
data were collected independently, based on the evalua-
tion of the impact of complications of probiotics compared
to controls in critically ill ventilated subjects.

Study risk of bias assessment
Two authors independently assessed the methods used

in chosen publications in order to determine the likeli-
hood of bias in each study. The methodological quality was
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evaluated using the “risk of bias instrument” from the Co-
chrane Handbook for Systematic Reviews of Interventions
v.5.1.0.13

In terms of the assessment criteria, each study was
rated and assigned to one of the 3 risk of bias levels: low
—ifall quality criteria were met; moderate — if one or more
of the quality criteria were partially met or unclear; or high
— if one or more of the criteria were not met or not in-
cluded. Any inconsistencies were addressed after a re-
evaluation of the original article.

Effect measures

Sensitivity studies were only performed on research that
reported and examined the influence of the probiotics com-
pared with controls. Other comparisons between probiotics
and controls were used for sensitivity and subclass analysis.

Statistical analyses

Odds ratio (OR) and mean difference (MD) with a 95%
confidence interval (95% CI) were calculated using a ran-
dom or fixed effects model with dichotomous and con-
tentious methods. The heterogeneity (I?) index was cal-
culated, with a range of 0-100%. No, low, moderate, and
high heterogeneity were indicated by values around 0%,
25%, 50%, and 75%, respectively.* When I? was higher
than 50%, the random effects model was selected, and
when it was lower than 50%, the fixed effects model was
selected. The subclass analysis was completed by strati-
fying the first evaluation based on the previously speci-
fied outcome categories. The value of p < 0.05 was used
in the analysis to indicate statistical significance for dif-
ferences across subcategories.

Reporting the assessment of bias

Using the Egger’s regression test and funnel plots show-
ing the logarithm of ORs compared to their standard er-
rors, the publication bias was evaluated both intuitively
and quantitatively (the publication bias was considered
present when p > 0.05).1°

Certainty assessment

All p-values were calculated using two-tailed tests.
The statistical analysis was conducted and the graphs were
obtained using Review Manager v. 5.3 (The Cochrane Col-
laboration, Copenhagen, Denmark).

Results

A total of 27 articles published between 2006 and 2022
that matched the inclusion criteria were chosen from
a total of 1765 evaluated studies.®>=%* Table 2 displays



636 B. Wang, J. Xie, Y. Teng. Probiotics in critically ill ventilated

Table 2. Characteristics of the selected studies for the meta-analysis

Study, year Country Probiotic Controls
Kotzampassi et al., 2006'> Greece 65 35 30
Spindler-Vesel et al., 2007'® Slovenia 113 26 87
Forestier et al., 20087 France 202 99 103
Knight et al, 2009'® UK 259 130 129
Giamarellos-Bourboulis et al., 2009'° Greece 72 36 36
Morrow et al.,, 2010° USA 138 68 70
Barraud et al., 2010%° France 149 78 71
Oudhuis et al,, 20112 Netherlands 248 129 119
Tan et al, 201122 China 35 16 19
Lietal,2012% China 165 82 83
Banupriya et al, 20152 India 142 70 72
Rongrungruang et al, 2015% Thailand 150 75 75
Malik et al., 2016%° Malaysia 49 24 25
Zengetal, 20167 China 235 118 117
Amiri, 201628 Iran 60 30 30
Shimizu et al., 2018% Japan 72 35 37
Angurana et al,, 20183° India 100 50 50
Kooshki et al., 20183 Iran 80 40 40
Klarin et al., 20183 Sweden 137 69 63
Anandaraj et al,, 2019 India 146 72 74
Mahmoodpoor et al,, 20193 I[ran 102 48 54
Habib et al,, 2020% Egypt 65 32 33
Nazari et al., 20203 Iran 147 73 74
Johnstone et al., 202137 Canada 2650 1318 1332
Boraey et al,, 20213 Egypt 80 40 40
Tsilika et al,, 2022% Greece 112 59 53
Prasoon et al., 202240 India 120 60 60
Total 5893 2912 2981

the data from these publications. The chosen stud-
ies comprised 5893 critically ill ventilated participants
in the trials’ baseline; 2912 of them were using probiot-
ics and there were 2981 controls. At the commencement
of the trials, there were between 35 and 2650 individuals
under study in total. Twenty-five studies presented data
grouped according to the incidence of ventilator-related
pneumonia, 16 studies presented data grouped accord-
ing to the mechanical ventilation period, 17 according
to the length of ICU stay, 8 according to the length of hos-
pital stay, 5 according to oropharyngeal colonization rate,
6 according to diarrhea incidence, and 15 according to in-
hospital mortality.

The probiotic use resulted in a significantly lower
ventilator-related pneumonia incidence (OR = 0.52;
95% CI: 0.40-0.68, p < 0.00001) with moderate hetero-
geneity (I = 65%), shorter mechanical ventilation period
(MD = -2.22;95% CI: -3.33—-1.11, p < 0.00001) with high
heterogeneity (12 = 92%), shorter ICU stay (MD = —2.09;
95% CI: —3.41--0.77, p = 0.002) with high heterogene-
ity (I> = 89%), shorter hospital stay (MD = -2.36; 95% CI:

-4.54—-0.19, p = 0.03) with high heterogeneity (I = 83%),
and lower rate of oropharyngeal colonization (OR = 0.59;
95% CI: 0.36-0.96, p = 0.03) with moderate heterogeneity
(I* = 63%) in critically ill ventilated subjects compared with
controls (Fig. 2—6).

However, probiotics caused no significant difference
in terms of diarrhea incidence (OR = 0.74; 95% CI: 0.52—
1.07, p = 0.11) with low heterogeneity (I> = 45%), and in-
hospital mortality (OR = 0.90; 95% CI: 0.79-1.03, p = 0.14)
with no heterogeneity (I* = 0%) in critically ill ventilated
subjects compared with controls (Fig. 7,8).

Due to the lack of available data on certain factors, such
as gender, age and ethnicity, stratified models could not be
used to investigate their impact on comparison outcomes.
The visual assessment of the funnel plot and quantitative
measurements using the Egger’s regression test revealed no
evidence of publication bias, as shown in Supplementary
Fig. 1-7. However, it was shown that the majority of the in-
cluded RCTs had poor methodological quality, no bias
in selective reporting and only minimal outcome data,
as shown in Fig. 9.



Adv Clin Exp Med. 2023;32(6):633—-642

637

Probiotic Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Kotzampassi, 2006 19 35 24 30 32% 0.30[0.10, 0.91] 2006
SpindleroVesel, 2007 4 26 34 87 31% 0.28[0.08, 0.89 2007
Forestier, 2008 24 99 24 103 5.1% 1.05[0.55, 2.01] 2008 -
Giamarellos-Bourhoulis, 2009 15 36 16 3B 39% 0.89([0.35, 2.27) 2009 S
Knight, 2008 12 130 17 129 4.5% 0.67 [0.31,1.47) 2009 = oo
Barraud, 2010 23 78 15 Fil 4.7% 1.56[0.74, 3.30) 2010 S -
Morrow, 2010 13 68 29 70 486% 0.33[0.15,0.72) 2010 =
Oudhuis, 2011 10 129 9 119 3.9% 1.03[0.40, 2.62) 2011 —r =
Tan, 2011 7 16 13 19  25% 0.36[0.08,1.43 2011
Li, 2012 24 82 37 83  52% 0.51[0.27, 0.98 2012 T
Banupriya, 2015 12 70 35 72 4.5% 0.22[0.10, 0.47) 2015 _——
Rongrungruang, 2015 18 75 22 75 48% 0.76[0.37,1.57) 2015 I T
Amiri, 2016 7 30 15 30 32% 0.30[0.10,0.92) 2016 —_—
Zeng, 2016 43 118 58 117 5.8% 0.56[0.33,0.95 2016 S =
Angurana, 2018 3 50 2 50  1.6% 1.53(0.24, 9.59) 2018
Shimizu, 2018 5 35 18 337 31% 018([0.06, 059 2018 —
Klarin, 2018 7 69 10 68 3.5% 0.65([0.23,1.83 2018 = s =
Anandaraj, 2019 7 72 6 74 31% 1.22[0.39, 3.82) 2019 s =
Mahmoodpoor, 2019 7 48 13 54  36% 0.54[0.20,1.49) 2019 SH TEE
Habib, 2020 5 32 7 33 28% 0.69([0.19, 2.44 2020 s = 1T
Nazari, 2020 9 73 33 74 4.3% 0.17 [0.08, 0.40) 2020 e
Boraey, 2021 15 40 29 40 38% 0.23[0.08, 0.59 2021 —
Johnstone, 2021 269 1318 284 1332 71% 0.985([0.78 1.14 2021 =
Prasoon, 2022 14 60 30 60 4.5% 0.30([0.14, 0.67) 2022 =
Tsilika, 2022 7 59 15 53 37% 0.34[0.13,0.92 2022 ——
Total (95% CI) 2848 2916 100.0% 0.52[0.40, 0.68] <
Total events 579 796

Heterogeneity: Tau®= 0.25, Chi*= 68.14, df= 24 (P < 0.00001); I*= 65%
Test for averall effect: Z=4.83 (P < 0.00001)

Fig. 2. Forest plot of the influence of probiotic use compared to controls on the frequency of the ventilator-related pneumonia incidence outcomes

in critically ill ventilated subjects

95% Cl — 95% confidence interval; df — degrees of freedom.

Probiotic Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Kotzampassi, 2006 16.7 9.5 35 297 65 30  4.2% -13.00[-16.91,-9.09) 2006 ———
SpindleroVesel, 2007 12.2 89 26 105 74 87 4.4% 1.70 [-2.06, 5.46] 2007 o
Knight, 2009 53 21 130 6 23 129 86% -0.70[1.24,-0.16] 2009 =
Morrow, 2010 95 6.3 68 96 7.2 70 6.4% -0.10[-2.36, 2.16] 2010 o T T
Rongrungtuang, 2015 12.8 20.2 75 135 225 75 2.0% -0.70[-7.54, 6.14] 2015 )
Banupriya, 2015 6.24 3.2 70 1035 89 72 6.5%  -4.11[6.30,-1.92) 2015 T
Zeng, 2016 128 38 118 188 43 117 8.1%  -6.00[-7.04,-4.96) 2016 =
Malik, 2016 84 35 24 14 8 25 48%  -5.60[-9.03-217] 2016 TroREETe ¢
Klarin, 2018 10.2 18.3 69 9.3 161 68 2.6% 0.90 [-4.87, 6.67] 2018 O -7
Kooshki, 2018 16.06 4.81 40 176 65 40  6.0% -1.54 [-4.05, 0.97] 2018 o
Angurana, 2018 65 35 50 9 25 50 7.9%  -250[-3.69 -1.31] 2018 -7
Mahmoodpoor, 2019 88 48 48 121 71 54 6.3%  -3.30[-5.63,-0.97] 2019 -
Anandaraj, 2019 3 15 72 35 33 74 8.3% -0.50[-1.33,0.33] 2019 o
Johnstone, 2021 7 46 1318 7 46 1332 87% 0.00 [-0.35, 0.35) 2021 b
Boraey, 2021 8.98 202 40 908 201 40  8.3% -0.10[-0.98, 0.78] 2021 )
Prasoon, 2022 10.26 6.05 60 1206 4.81 60  6.9% -1.80[-3.76, 0.16] 2022 =
Total (95% CI) 2243 2323 100.0%  -2.22[-3.33,-1.11] &
Heterogeneity: Tau®= 3.65; Chi*= 189.11, df = 15 (P < 0.00001); IF = 92% _150 _5 0 é 150

Test for averall effect: Z=3.93 (P < 0.0001)

Fig. 3. Forest plot of the influence of probiotic use compared to controls on the mechanical ventilation period outcomes in critically ill ventilated subjects

95% Cl — 95% confidence interval; df — degrees of freedom; SD - standard deviation.

Discussion

This meta-analysis had 5893 critically ill ventilated par-
ticipants in the trials’ baseline; 2912 of them were using pro-
biotics and there were 2981 controls.®'>~0 The probiotic use
resulted in a significantly lower ventilator-related pneumonia

incidence, shorter mechanical ventilation period, shorter ICU
and hospital stay, and lower oropharyngeal colonization rate
in critically ill ventilated subjects compared with controls.
However, probiotics had caused no significant difference
in diarrhea incidence and in-hospital mortality in critically
ill ventilated subjects compared with controls.
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Probiotic Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Kotzampassi, 2006 277 152 3% 4.3 205 30 1.8% -13.60[-22.50,-4.70) 2006
SpindleroVesel, 2007 14.1 10 26 135 115 87  43% 0.60[-3.94, 5.14] 2007 —
Knight, 2009 65 22 130 7.75 318 128 86% -1.25[-1.92-0.58] 2009 x
Barraud, 2010 18.7 124 78 202 208 7 3.4% -1.50 [-7.07, 4.07] 2010 N
Morrow, 2010 148 11.8 68 146 116 70 50% 0.20[-3.71, 4.11] 2010 —
Tan, 2011 68 38 26 107 7.3 26 58%  -3.90[-7.06,-0.74] 2011 o
Banupriya, 2015 77 46 70 1254 99 72 B.7%  -4.84[-7.37,-231] 2015 e
Rongrungruang, 2015 333 196 75 188 5.2 75 43% 14.50[9.91,19.09 2015 = me
Zeng, 2016 205 52 118 277 13 117 6.6%  -7.20[-9.74,-4.66] 2016 o
Malik, 2016 109 39 24 158 78 25 55% -4.90[-8.33 -1.47] 2016 =
Kooshki, 2018 142 47 40 176 65 40 67%  -3.40[-5.89-0.91] 2018 SR
Shimizu, 2018 255 87 3% 295 841 37 50% -4.00[-7.89,-0.11] 2018 T
Anandaraj, 2019 723 72 8 36 74  84%  -1.00[-1.98 -0.02] 2019 =
Mahmoodpoor, 2019 11.6 8 48 186 63 54 63% -7.00[-9.82 -4.18] 2019 b
Boraey, 2021 14.85 10.31 40 12.05 3.96 40  55% 2.80[-0.62,6.22] 2021 T
Johnstone, 2021 12 6 1318 12 5 1332 8.7% 0.00[-0.42, 0.42] 2021
Prasoon, 2022 142 4.7 B0 176 65 60 7.3%  -3.40[-5.43 -1.37] 2022 e
Total (95% CI) 2263 2339 100.0%  -2.09[-3.41,-0.77] <

Heterogeneity: Tau®= 5.13; Chi*= 146.52, df = 16 (P < 0.00001); IF = 89%
Test for averall effect: Z=3.11 (P = 0.002)
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Fig. 4. Forest plot of the influence of probiotic use compared to controls on the length of intensive care unit stay outcomes in critically ill ventilated subjects

95% Cl — 95% confidence interval; df — degrees of freedom; SD — standard deviation.

Probiotic Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Knight, 2009 205 81 130 188 7.3 129 154% 1.70[-0.18, 3.58) 2009 T
Barraud, 2010 266 22.3 78 289 264 7 5.3% -2.30[1019 559 2010
Morrow, 2010 21.4 149 68 2.7 174 70 8.4% -0.30[-5.70, 5.10] 2010
Banupriya, 2015 1313 7.7 70 1917 135 72 11.8%  -6.04[-9.64, -2.44] 2015 TS
Anandaraj, 2019 1.5 6.1 72 14 9.2 74 141% -2.50[-5.03,0.03] 2019 —=
Mahmoodpoor, 2019 142 86 48 211 57 54 134%  -6.90[-9.77,-4.03] 2019 e B
Johnstone, 2021 22 148 1318 22 137 1332 16.7% 0.00[-1.09, 1.09 2021 . =
Prasoon, 2022 241 56 B0 274 66 60 14.8%  -3.30[-5.49 -1.11] 2022 —_—
Total (95% CI) 1844 1862 100.0%  -2.36[-4.54,-0.19] =<2
Heterogeneity: Tau®= 7.08; Chi*= 40.64, df= 7 (P < 0.00001); = 83% _1*0 '5 0 é 1*0

Test for overall effect. Z=2.13 P = 0.03)

Fig. 5. Forest plot of the influence of probiotic use compared to controls on the length of hospital stay outcomes in critically ill ventilated subjects

95% Cl - 95% confidence interval; df — degrees of freedom; SD — standard deviation.

Probiotic Control Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Knight, 2009 63 130 68 129 24.3% 1.01 [0.62, 1.65] 2008 —
Morrow, 2010 26 68 49 70 19.2% 0.27 [0.13, 0.54] 2010 S B
Banupriya, 2015 24 70 37 72 19.9% 0.49[0.25, 0.97] 2015 T
Zeng, 2016 17 118 19 117 18.1% 0.87[0.43,1.77] 2016 S~ S
Mahmoodpoor, 2019 23 48 34 54  17.4% 0.54[0.25,1.19 2019 I —
Total (95% CI) 434 442 100.0% 0.59[0.36, 0.96] -~
Total events 159 207

o 2 i 2 el - 2= + } | }
Heterogeneity: Tau®= 0.19; Chi*= 10.82, df= 4 (P = 0.03); F= 63% 02 05 1 5 s

Test for averall effect: Z=2.11 P = 0.03)

Fig. 6. Forest plot of the influence of probiotic use compared to controls on the oropharyngeal colonization outcomes in critically ill ventilated subjects

95% Cl — 95% confidence interval; df — degrees of freedom.

The meta-analysis performed by Bo et al. also demon-
strated that probiotics had a favorable impact on the inci-
dence of ventilator-related pneumonia, even after studies with
ahigh risk of bias were eliminated.*! Probiotic use was related
to a statistically significant decline in the incidence of ven-
tilator-related pneumonia and a decrease in the duration

of antibiotic treatment, according to the latest meta-analysis
by Song et al.*2 Our meta-analysis has shown that administer-
ing probiotics significantly lowers the risk of ventilator-related
pneumonia occurrence, shortens the duration of mechani-
cal ventilation and the time spent in the ICU, and reduces
in-hospital mortality when compared to using a placebo.
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Probiotic Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight NM-H,Fixed, 95% CI Year NEH, Fixed, 95% CI
Kotzampassi, 2006 5 35 10 30 13.3% 0.33[0.10,1.12) 2006 R i
Morrow, 2010 46 68 57 70 26.2% 0.48[0.22,1.059 2010 —
Barraud, 2010 48 78 42 71 24.4% 1.10([0.57, 2.13) 2010 e
Rongrungiuang, 2015 19 75 14 75 151% 1.48[0.68, 3.22) 2015 g [_raes
Mahmoodpoor, 2019 7 48 15 54 17.4% 0.44[0.16,1.20) 2019 =
Tsilika, 2022 0 59 2 53 3.8% 0.17 [0.01, 3.69) 2022
Total (95% CI) 363 353 100.0% 0.74 [0.52, 1.07] 2
Total events 125 140
Heterogeneity: Chi*= 817, df=5(P=0.10); I7= 45% t t t t
Test for overall effect: Z=1.61 = 0.11) 0.01 01 ! 10 100
Fig. 7. Forest plot of the influence of probiotic use compared to controls on the diarrhea incidence outcomes in critically ill ventilated subjects
95% Cl — 95% confidence interval; df — degrees of freedom.
Probiotic Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI Year NHH, Fixed, 95% CI
Kotzampassi, 2006 5 35 ] 30 1.9% 0.39[0.11,1.33] 2006
SpindleroVesel, 2007 2 26 5 87  0.5% 1.37[0.25, 7.49) 2007
Giamarellos-Bourboulis, 2008 5 36 10 36 2.0% 0.42[0.13, 1.3 2008
Knight, 2009 35 130 42 128 7.1% 0.76[0.45,1.30] 2008 —
Barraud, 2010 21 87 21 80  3.8% 0.89([0.44, 1.80] 2010 —
Morrow, 2010 12 68 15 70 28% 0.79[0.34,1.83] 2010 —_— T
Banupriya, 2015 17 70 23 72 4.0% 0.68[0.33, 1.43] 2015 = | -
Zeng, 2016 26 118 25 117 4.5% 1.04 [0.56, 1.93] 2016 s
Angurana, 2018 6 50 5 50 1.0% 1.23[0.35, 4.32] 2018
Shimizu, 2018 3 35 4 37 0.8% 0.77[0.16, 3.73) 2018
Anandaraj, 2019 28 72 30 74 4.2% 0.93[0.48, 1.81] 2018 e
Mahmoodpoor, 2019 5 48 6 54 1.2% 0.93[0.26, 3.27] 2018
Boraey, 2021 15 40 17 40 2.4% 0.81[0.33,1.99 2021 -
Johnstone, 2021 363 1318 381 1332 63.3% 0.95(0.80,1.12) 2021 : 3
Tsilika, 2022 3 59 2 53 0.5% 1.37[0.22, 8.51] 2022
Total (95% CI) 2192 2261 100.0% 0.90[0.79, 1.03] <t
Total events 546 595
Heterogeneity: Chi*= 571, df =14 (P = 0.97); F= 0% 01 02 05 1 5 : 10

Test for averall effect. Z=1.47 P =0.14)

Fig. 8. Forest plot of the influence of probiotic use compared to controls on the in-hospital mortality outcomes in critically ill ventilated subjects

95% Cl — 95% confidence interval; df — degrees of freedom.

According to previous meta-analyses,*2~*® the incidence

of ventilator-related pneumonia decreased after the probiotic
treatment. The incidence of ventilator-related pneumonia did
not, however, statistically significantly decline after probiotic
delivery, according to 2 meta-analyses by Gu et al.*’ and Wang
et al.>% In our meta-analysis, there was no statistically signifi-
cant reduction in diarrhea incidence or in-hospital mortality.
However, our investigation found a statistically significant
decrease in the incidence of ventilator-related pneumonia,
length of the ICU stay and mechanical-ventilation period
that was not described in prior meta-analyses.??~*® Accord-
ing to the meta-analysis by Siempos et al. published in 2010,
the Pseudomonas aeruginosa colonization of the respira-
tory tract and the length of the ICU stay decreased follow-
ing the probiotic administration.”® Probiotic administration
was shown to shorten the ICU stay, as described by Gu et al.>
However, the study by Siempos et al.*! is outdated, and sev-
eral new RCTs have since been published. The meta-analysis
by Gu et al. included 2 papers only, which is a statistically
insignificant quantity to describe the length of ICU stay.>

The RCTs included in the present met-analysis employed
varying definitions of ventilator-related pneumonia. Two
ventilator-related pneumonia rates (one for microbiological
and one for clinical cases) were provided in 2 of the RCTs.%%
For our meta-analysis, we chose the microbiological definition
of ventilator-related pneumonia because it has been adopted
by the majority of authors in different RCTs and meta-anal-
yses. Since we relied on the stated definitions and since there
is no standard definition provided in the RCTs, the ventilator-
related pneumonia definition is a significant drawback to our
meta-analysis. To precisely assess the impact of probiotics
on ventilator-related pneumonia incidence, a sizable multi-
center RCT with a standardized objective definition of a ven-
tilator-related incident is required. According to Centers for
Disease Control and Prevention (CDC), a ventilator-related
incident happens when the subject’s oxygenation declines
after a period of stability or improvement. The colonization
rate on day 7 of the ICU stay was chosen to calculate the fre-
quency of oropharyngeal colonization. The majority of studies
defined diarrhea as 3 or more liquid stools per day.5203%
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This meta-analysis had few restrictions. First, there were
differences in the probiotics’ type, dosage and manner
of delivery throughout RCTs. In a few studies, the length
of the treatment was too brief to provide any conclusive
data. Second, various definitions of ventilator-related
pneumonia were used in the RCTs, including a subjec-
tive component. Although the most recent definition
of a ventilator-related event from the CDC is more objec-
tive, none of the published RCTs on probiotics have ap-
plied it. The effects of probiotics on 2 additional clinically
significant endpoints — the duration of antibiotic treat-
ment and antibiotic use — is due to variable and sparse
reporting of the aforementioned endpoints across trials.
Next, immunocompromised subjects were not included
in the RCTs that were part of the meta-analysis. There-
fore, it is impossible to determine how probiotics are used
by this particular subject population. Furthermore, no
study found any negative consequences of probiotic use.
The use of probiotics (best type, dose and method of ad-
ministration) for ventilator-related pneumonia in an im-
munocompromised subject population is therefore in need
of a large, multicenter RCT that would additionally assess
the potential negative effects of probiotics.

This meta-analysis demonstrated how probiotics af-
fect critically ill ventilated subjects.>®-% Further research
is still required to clarify these potential connections
as well as to assess the impact of probiotics on the out-
comes under investigation. Larger, more homogeneous
samples are required for such research. This was also
mentioned in a previous study that employed a similar
meta-analysis technique and found comparable favorable
outcomes for probiotic benefits.*?~%8 Because our meta-
analysis was unable to determine whether the differences
in gender, age and ethnicity are related to the outcomes,
meticuolously conducted RCTs are required to evaluate
these factors as well as the combination of different gen-
der, age, ethnicities, and other variants.

Limitations

There may have been a selection bias since several
papers identified through the database search were ex-
cluded. However, the omitted publications did not adhere
to the inclusion criteria. Nine out of 27 papers that were
selected had sample size <100. Furthermore, we were un-
able to ascertain whether age and ethnicity had an impact
on the results. The purpose of this study was to com-
pare the effects of probiotics compared to the controls
in critically ill ventilated patients. Data from prior studies
were used, which may have introduced bias due to miss-
ing or incorrect information. The subjects’ nutritional
states as well as the characteristics of age, sex and gender
were all potential sources of bias. There may be some
unpublished articles and missing data that could skew
the results.
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Conclusions

Critically ill ventilated participants treated with probiot-
ics had significantly reduced incidence of ventilator-related
pneumonia, shorter duration of mechanical ventilation,
shorter ICU and stay, and decreased oropharyngeal colo-
nization rate. Patients who were administed probiotics did
not significantly differ from controls in terms of diarrhea
incidence or in-hospital mortality in critically ill ventilated
individuals. Analyzing the results requires caution due
to the small sample size of 9 out of 27 studies included
in the meta-analysis and the lack of studies in numerous
comparisons.

Availability of data

The corresponding author agrees to make the meta-
analysis database available upon reasonable request.

Supplementary materials

Supplementary figures are available at https://doi.
org/10.5281/zenodo.7340993. The package consists of the fol-
lowing files:

Supplementary Fig. 1. Ventilator-associated pneumonia
incidence funnel plot (Egger’s test, p = 0.86).

Supplementary Fig. 2. Mechanical ventilation duration
funnel plot (Egger’s test, p = 0.84).

Supplementary Fig. 3. Length of ICU stay funnel plot
(Egger’s test, p = 0.86).

Supplementary Fig. 4. Length of hospital stay funnel plot
(Egger’s test, p = 0.85).

Supplementary Fig. 5. Oropharyngeal colonization fun-
nel plot (Egger’s test, p = 0.91).

Supplementary Fig. 6. Diarrhea incidence funnel plot
(Egger’s test, p = 0.87).

Supplementary Fig. 7. In-hospital mortality funnel plot
(Egger’s test, p = 0.92).
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Abstract

Background. The pathogenesis of Leqg—Calve—Perthes disease (LCPD), a juvenile form of avascular necrosis
of the femoral head (ANFH), is not fully understood.

Objectives. The purpose of this work was to study the requlatory effect of R-spondin 1 (RspoT) on osteo-
blastic apoptosis and evaluate the pre-clinical efficacy of recombinant human protein Rspol (rhRspof)
in treatment of LCPD.

Materials and methods. This is an experimental study. In vivo rabbit ANFH model was established. Human
osteoblast cell line hFOB1.19 (hFOB) was used to overexpress and silence Rspo! in vitro. Additionally, hFOB cells
were induced with glucocorticoid (GC) and methylprednisolone (MP), and treated with rhRspoT. The expres-
sions of Rspol, B-catenin, Dkk-1, Bcl-2, and caspase-3, and the apoptosis rate of hFOB cells were examined.

Results. The expressions of Rspol and B-catenin were lower in ANFH rabbits. The expression of Rspof
was decreased in GC-induced hFOB cells. Compared to the control group, after 1 M MP induction for 72 h,
the expressions of B-catenin and Bcl-2 were higher, while Dkk-1, caspase-3 and cleaved caspase-3 expres-
sions were lower in RspoT overexpression and rhRspol-treated groups. The apoptosis rate of GG-induced hFOB
cells was decreased in RspoT overexpression and rhRspol-treated groups compared to the control group.

Conclusions. R-spondin 1 inhibited G(-induced osteoblast apoptosis via Wnt/B-catenin pathway, which
might be associated with the development of ANFH. Moreover, thRspol had a potential pre-clinical thera-
peutic effect on LCPD.

Key words: apoptosis, Wnt/B-catenin pathway, osteoblast, R-spondin 1, Perthes disease
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Background

Legg—Calve—Perthes disease (LCPD) is a juvenile form
of avascular necrosis of the femoral head (ANFH) that usu-
ally occurs between 2 and 14 years of age, and is associated
with a permanent deformity of the femoral head and early os-
teoarthritis.? The etiology of LCPD is not well understood,
and it may be related to multiple factors. Its main pathogen-
esis is thought to be blood supply disturbance of the femo-
ral head, leading to ischemic necrosis of the epiphysis and
adjacent tissues.>* Many studies have confirmed that glu-
cocorticoid (GC) can induce vascular endothelial cell injury,
thrombosis, increased intraosseous pressure, and osteocyte
apoptosis. This in turn results in avascular necrosis and
blood flow disturbance in the femoral head,® which is similar
to the pathological process of LCPD, suggesting that GC may
be one of the causes of this disease.

The Wnt/B-catenin pathway, established in many human
tissues, is a canonical signal transduction pathway, which
controls many cellular activities during embryonic devel-
opment and adult homeostasis, such as stem cell renewal,
and cell proliferation and differentiation.®” Furthermore,
the activation of this signaling pathway can stimulate cell
proliferation, induce cell differentiation and inhibit apoptosis
of osteoblasts.®? In addition, Wnt/B-catenin pathway is essen-
tial in normal bone homeostasis, and has an important role
in mediating the signaling coupled with osteoblastic bone
formation and resorption. Moreover, Wnt/p-catenin signal-
ing maintains the dynamic balance of bone metabolism, and
its dysregulation may lead to various osteoarticular diseases.®

R-spondin (Rspo) is a secretory protein composed of 4 fam-
ily members (Rspol—4), which can bind to the leucine-rich
repeat-containing G protein-coupled receptors (LGR4-6),
regulating cell differentiation, stem cell maintenance and
angiogenesis. The R-spondin is expressed in both embry-
onic and adult tissues, and its proper expression is essential
for the normal development of organisms and maintaining
body homeostasis.'®12 As an agonist of the Wnt/B-catenin
pathway, Rspol plays a role in regulating the human skeletal
system.}371> The R-spondin and Wnt3a cooperate to induce
osteoblastic differentiation and osteoprotegerin expression,
thereby promoting bone remodeling.'® Therapeutic applica-
tion of recombinant human protein Rspol (rhRspol) has al-
ready shown beneficial effects in animal models of intestinal
inflammatory diseases and mucositis.!” The administration
of rhRspol can alleviate radiation-induced bone loss through
maintaining bone homeostasis via the Rspol-LGR4 axis.!®

Currently, there are no relevant reports on the involve-
ment of Rspol in the pathogenesis of LCPD.

Objectives

The etiology of LCPD is not clear. It is speculated that
Rspol and Wnt/B-catenin are involved in the pathogenesis
of LCPD. The purpose of this study was to verify whether

T. Zhang et al. RspoT inhibits osteoblastic apoptosis

Rspol is involved in the development of GC-induced
ANFH in immature rabbits via Wnt/B-catenin pathway
in vivo and in vitro.

Materials and methods
Animals

Sixty healthy 8-week-old New Zealand white rabbits
weighing 1300-1800 g were obtained from the Animal Re-
search Center of Zunyi Medical College, Zunyi, China. All
animal studies (including the rabbit euthanasia procedure)
were performed in compliance with the regulations and
guidelines of Zunyi Medical College institutional animal
care and conducted according to the Association for As-
sessment and Accreditation of Laboratory Animal Care
(AAALAC) and Institutional Animal Care and Use Com-
mittee (IACUC) guidelines (approval No. KLL-2020-008
of the ethics committee of Affiliated Hospital of Zunyi
Medical College).

The immature rabbits were randomly divided into
2 groups: GC group (n = 48) and control group (n = 12).
Rabbits in the GC group were given methylprednisolone
(MP) (7.5 mg/kg™) in buttocks twice a week for 8 weeks,
and those in the control group were injected with saline.
Afterwards, all rabbits were euthanized by air embolism,
and their bilateral femoral heads were quickly removed and
evaluated with gross morphology and X-ray photography.
The specimens were maintained at a constant distance from
the X-ray source to minimize any effects of magnification.

One part of the femoral head was fixed in 4% formalde-
hyde solution for 36 h, followed by soaking in ethylenedi-
aminetetraacetic acid (EDTA) to remove calcium; the other
parts were put into a Eppendorf (EP) tube, snap-frozen
in liquid nitrogen and stored at -80°C.

The ANFH was assessed by 3 doctors (specialists in im-
aging) using evaluation criteria as previous study.’ The ex-
perimental scheme was approved by the Animal Use and
Care Committee of Zunyi Medical College.

Cell culture

Human osteoblast cell line hFOB1.19 (hFOB), provided
by the Cell Bank of Chinese Academy of Sciences (Shanghai,
China), was cultured in Dulbecco’s modified Eagle’s medium
(DMEMO (Gibco, Waltham, USA) supplemented with 10%
fetal bovine serum (FBS) and G418 (Yuanye Corp., Shanghai,
China) at 37°C with 5% CO,. The morphology of hFOB cells
was observed under an inverted phase contrast microscope
(model CKX53; Olympus Corp., Tokyo, Japan), and cells
after passage 3 were used for subsequent analysis.

The hFOB cells were inoculated on a 6-well plate, and
different concentrations of MP (Pfizer, New York, USA)
were added to the culture medium (0 uM, 0.01 uM, 0.1 uM,
and 1 uM) for 24 h, 48 h and 72 h. In addition, cells grown



Adv Clin Exp Med. 2023;32(6):643-654

in a 6-well plate were treated with 500 ng/mL of rhRspol
(Biolegend, San Diego, USA) for 72 h.2%2! The cells were di-
vided into rhRspol, MP, rhRspol+MP, and control groups.

Lentivirus transfection

R-spondin I overexpression mRNA (Rspol), non-coding
Rspol mRNA negative control (Rspol-NC) and Rspol si-
lencing mRNA (shRNA) were encoded by lentivirus vec-
tors (Hanheng Biotechnology Co., Ltd., Shanghai, China).
The experiments were classified into the Rspol+1 uM MP,
Rspol-NC+1 pM MP, Rspol silencing mRNA with short
hairpin RNA (shRspol), and control (1 uM MP) groups.
Briefly, approx. 2 x 10* cells were inoculated in a 24-well
plate, and transfection was performed using the lentivirus
vector at a multiplicity of infection (MOI) of 30, when cells
were grown to a confluence of 30%. The infection effi-
ciency was assessed using the frequency of green fluores-
cent protein (GFP)-positive cells and the expression level
of Rspol after 72 h. Stably transfected cells were screened
with 3 pg/mL puromycin (Gibco).

Flow cytometry

The apoptosis rate of hFOB cells was detected with flow
cytometry according to the manufacturer’s instructions
(Beyotime Biotechnology, Shanghai, China). Cells were
collected by centrifugation at 2000 rpm for 5 min after
digestion with trypsin, and washed with phosphate-buff-
ered saline (PBS). Then, 5 pL of Annexin V-APC and 5 puL
of 7-aminoactinomycin D (7-A AD) dye solution were added
into the cell suspension at room temperature for 10 min
in the dark. Apoptotic detection of the cells double stained
with acridine orange and ethidium bromide (AO-EB) was
also performed using a FACScalibur flow cytometer (BD
Biosciences, Franklin Lakes, USA).

TUNEL assay

The apoptosis rate of hFOB cells was detected using
the In Situ Cell Death Detection Kit (Roche, Basel, Swit-
zerland). The treated cells were fixed using 4% paraformal-
dehyde for 1 h, followed by incubation with 3% H,0O, and
0.1% Triton X-100 for 20 min. Phosphate-buffered saline
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cleaning was required between all the above steps. After
that, the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining was carried out according
to the manufacturer’s protocol. After completion of stain-
ing, 3 independent researchers counted the TUNEL-posi-
tive cells under a fluorescence microscope (model E8400;
Nikon Corp., Tokyo, Japan).

Quantitative real-time polymerase
chain reaction

Total RNA was extracted from the cells with RNAiso Plus
(Takara, Shiga, Japan), and converted to cDNA using the high
capacity cDNA RT Kit (MBI Fermentas Inc., Burlington,
Canada), following the manufacturer’s instructions. Relative
mRNA expression levels were estimated based on the 2-24¢T
method, with GAPDH as the reference housekeeping gene
for normalization. The quantitative real-time polymerase
chain reaction (q-PCR) primers used are listed in Table 1.

Western blot

Immunoblotting was performed according to the man-
ufacturer’s instructions (Proteintech, Rosemont, USA).
The hFOB cells were washed and lysed with radioimmuno-
precipitation assay (RIPA) lysis buffer (Beyotime Biotech-
nology) supplemented with 1 mM protease inhibitor, and
incubated on ice for 30 min. The supernatant was collected
after the lysate was centrifuged at 12000 x g for 5 min at4°C.
Proteins were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to a polyvinylidene difluoride (PVDF)membrane
(Millipore, Burlington, USA). The membrane was blocked
with 5% bovine serum albumin (BSA) in tris-buffered sa-
line with Tween (TBST) and then incubated with a primary
antibody (anti-Rspol, 1:1000; anti-B-catenin, 1:5000; anti-
Dkk-1, 1:1000; anti-caspase-3, 1:2000; anti-cleaved caspase-3,
1:1000; and anti-bcl-2, 1:1000; all from Proteintech) at 4°C
overnight. Subsequently, the TBST PVDF membrane was
washed and incubated with the corresponding secondary
antibody for 1 h at room temperature. Finally, the proteins
were detected using an enhanced chemiluminescent (ECL)
reaction, and the band’s intensity was analyzed using Image]J
software (National Institutes of Health, Bethesda, USA).

Table 1. Primers used for quantitative real-time polymerase chain reaction (g-PCR)

Primer | Forward sequence
RspoT 5-TGTGAAATGAGCGAGTGGTC-3'
[3-catenin 5-GCAGTGAAGAATGCACACGA-3'
Dkk-1 5-CTTGGACCAGAAGTGTCTAGCAC-3'
Bcl-2 5-GGTGGGGTCATGTGTGTGG-3'
Caspase-3 5'-CATGGAAGCGAATCAATGGACT-3'
GAPDH 5-GGAGCGAGATCCCTCCAAAAT-3'
B-actin 5-CTCCATCCTGGCCTCGCTGT-3'

| Reverse sequence
5'-GAGCAGTTGGTTTGGTCTCC-3
5'-CAAGCAAAGTCAGCACCACT-3
5-GATTCCCTGGACCTAAAGGTGC-3'
5-CGGTTCAGGTACTCAGTCATCC-3
5-CTGTACCAGACCGAGATGTCA-3'
5-GGCTGTTGTCATACTTCTCATGG-3'
5'-GCTGTCACCTTCACCGTTCC-3"
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Statistical analyses

All experiments were repeated 3 times. All data were
tested for normal distribution using the Shapiro—Wilk
method, and normally distributed data were expressed
as mean * standard deviation (M +SD), while non-normally
distributed data were expressed as median and percentiles
(25t percentile (P25) and 75 percentile (P75)). The ho-
mogeneity of variance was analyzed using Levene’s test.
The t-test and analysis of variance (ANOVA) were used
to compare 2 groups and multiple groups, and non-para-
metric test was used to compare the data of non-normal
distribution using Kruskal-Wallis test. A p-value <0.05
was considered statistically significant. All calculations
were conducted using IBM SPSS v. 25.0 software (IBM
Corp., Armonk, USA).

Results
Animal model

Twelve immature rabbits from the GC group died
during the experiment because of diarrhea, while there
were no deaths in the control group. Ten rabbits were
confirmed as ANFH according to the diagnostic cri-
teria of osteonecrosis of the femoral head (all unilat-
eral).l? The gross morphology showed that the femoral
head of ANFH became smaller, pale and collapsed, with
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anon-spherical appearance, and the femoral neck became
shorter. The X-ray images revealed a decreased density
of femoral head epiphysis, with irregular shape, reduced
size, partial necrosis, and collapse (Supplementary Fig. 1).

Downregulation of Rspo1 and (3-catenin,
and upregulation of Dkk-1 in the bony
epiphysis of ANFH in vivo

Compared to the control group, the expressions of Rspol
and p-catenin in the bony epiphysis of the femoral head were
significantly lower, while Dkk-1 level was significantly higher
in ANFH rabbits (all p < 0.05, Fig. 1, Table 2). These findings
suggested that Rspol was negatively regulated by GC, which
could reduce the activation of the Wnt/B-catenin pathway
and promote the occurrence of ANFH in immature rabbits.

Downregulation of Rspo1
and increased apoptosis rate
of GC-induced hFOB cells in vitro

The apoptosis rate of GC-induced hFOB cells treated
with different concentrations of MP (0 pM, 0.01 uM,
0.1 uM, 1 uM) was gradually increased in a time- and
dose-dependent manner, as measured with flow cytom-
etry analysis at 24 h, 48 h and 72 h. It was the highest
in the 1 pM MP group at 72 h. The expression of Rspol
was the lowest in the 1 pM MP group at 72 h, which
also showed a dose-dependent tendency (Fig. 2, Table 3).
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Fig. 1. Expressions of R-spondin 1 (Rspol), 3-catenin and Dkk-1 in the bony epiphysis of the femoral head in immature rabbits. A-C. The mRNA level
of Rspol (A), B-catenin (B) and Dkk-1 (C) detected with quantitative real-time polymerase chain reaction (g-PCR); D-F. The protein level of Rspo1 (D),

[3-catenin (E) and Dkk-1 (F) analyzed with western blot

*¥* p < 0.001. ANFH - avascular necrosis of the femoral head.
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Table 2. The normality test and statistical analysis of multiple dependent variable of Fig. 1

e ble.
variable Shapiro-Wilk Shapiro-Wilk

— - — statistics
statistics c statistics

mRNA 0.999 0085 12 0934 0423 0.253 0.036 10 0957 0.748 25.072 0.000

el protein 0471 0095 | 12 0.940 0.500 0.185 0.027 10 0.948 0.640 9.165 0.000
_ mMRNA 1.065 0085 12 0.962 0.806 0215 0.035 10 0938 0.527 29519 0.000
Pcatenin protein 0.630 0.128 12 0.921 0.291 0.203 0.045 10 0.887 0.156 10.042 0.000
mRNA 0.985 0075 | 12 0.900 0.159 3275 0.065 10 0.967 0.863 75.582 0.000

Pt protein 0.175 0.031 12 0958 0.751 0.705 0.165 10 0942 0575 10.961 0.000

Rspol — R-spondin 1; ANFH — avascular necrosis of the femoral head; SD - standard deviation.
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Fig. 2. Apoptosis rate and expression of R-spondin 1 (Rspo1) in glucocorticoid (GC)-induced human osteoblast cell line hFOB1.19 (hFOB).
A-D. The photograph of apoptosis presented using flow cytometry with different doses of methylprednisolone (MP) (A: 0 uM; B: 0.01 uM; C: 0.1 uM; D: 1 uM)
at 72 h; E,F. The apoptosis rate in different groups; G,H. The mRNA and protein level of Rspo1

*p <0.05 ** p <0.01;**p <0.001 (compared at the same time (F), n = 3/group). control group — 0 uM; FITC - fluorescein isothiocyanate.
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Our findings suggested that GC promoted the apoptosis
of osteoblasts and downregulated the expression of Rspol.

R-spondin 1 inhibited apoptosis
of GC-induced hFOB cells through
the Wnt/f-catenin pathway

The hFOB cells transfected with lentiviral vectors were
observed under a fluorescence microscope after 72 h,
and the successful transfection ratio was defined as 80%.
The cell apoptosis rate was significantly higher in the 1 uM

T. Zhang et al. RspoT inhibits osteoblastic apoptosis

MP group compared with the shRspol group, while it was
slightly lower in the Rspol+l uM MP group compared
with the Rspol-NC+1 uM MP group, without descending
to the normal level (Fig. 3, Table 4). The expression levels
of Rspol, B-catenin and Bcl-2 were significantly higher,
while Dkk-1, caspase-3 and cleaved caspase-3 levels were
significantly lower in the Rspol+l uM MP group com-
pared with the Rspol-NC+1 uM MP group (Fig. 4, Table 4).
These findings suggested that Rspol mRNA could reduce
the apoptosis rate of osteoblasts and GC-induced hFOB
cells via the Wnt/p-catenin pathway.
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Fig. 3. Lentivirus vectors with green fluorescent protein (GFP) are successfully transfected into human osteoblast cell line hFOB1.19 (hFOB) confirmed using
fluorescence microscopy (original magnification x40). A. The fluorescence and white light results. B-E. The apoptotic rate of (B) R-spondin 1 (Rspol)+1 uM
MP group, (C) Rspol-NC+1 uM MP group, (D) shRspol group, and (E) 1T uM MP group using flow cytometry; F. Histogram of the apoptotic rate

**p < 0.01;**p <0.001; n = 3/group. Rspo1-NC - non-coding Rspol mRNA negative control; shRspol — Rspol silencing mRNA with short hairpin RNA;
FITC - fluorescein isothiocyanate; MP — methylprednisolone.
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rhRspo1 could partially antagonize
GC-induced hFOB apoptosis
via the Wnt/B-catenin pathway

The apoptosis rate of hFOB cells was significantly lower
in the rhRspol group than in the control group, and it was
reduced in the rhRspol+l uM MP group compared with
the 1 uM MP group, but it did not descend to the level
of the control group. The expressions of 3-catenin and Bcl-2
were significantly higher, while the expressions of Dkk-1,
caspase-3 and cleaved caspase-3 were significantly lower
when comparing the rhRspol group to the control group,
and the rhRspol+l uM MP group to the 1uM MP group,
and they were not restored to the level of the control
group. These findings indicated that rhRspol could reduce
the apoptosis rate of hRFOB cells and partially antagonize
the GC-induced hFOB apoptosis via the Wnt/B-catenin
pathway. The expression of Rspol was significantly lower
in the rhRspol group than in the control group, probably
indicating the feedback inhibition of exogenous rhRspol
(Fig. 5, Table 5).

Discussion

Our results indicated that GC might be one of the causes
of LCPD based on the successfully established GC-induced
rabbit model of ANFH, which presented pathological pro-
cess similar to LCPD. R-spondin 1 was negatively regu-
lated by GC, which reduced the activation of the Wnt/p-
catenin pathway and promoted the occurrence of ANFH.
This study provided a pre-clinical experimental basis for
rhRspol in the treatment of LCPD.

In the present study, the animal model of ANFH was
successfully established in immature rabbits, revealing
pathological changes similar to LCPD, such as deforma-
tion and collapse of the femoral head, thickened cartilage
and increased bony epiphyseal density.?>?* The expres-
sions of Rspol and B-catenin were significantly decreased,
while the expression of Dkk-1 was significantly increased
in the bony epiphysis of the femoral head in ANFH, sug-
gesting that the Wnt/B-catenin pathway might be involved
in the pathological process of GC-induced ANFH in im-
mature rabbits. The expression of Rspol in GC-induced
osteoblasts was downregulated in a time- and dose-de-
pendent manner. The binding of Rspol to transmembrane
receptor Frizzled (FZD) was reduced, preventing the accu-
mulation and nuclear transfer of p-catenin, downregulat-
ing the transcription of downstream target genes, promot-
ing osteoblast apoptosis,?*#?> and inducing the occurrence
of ANFH. Although GC and shRspol both can downregu-
late the expression of the key proteins of Wnt/B-catenin
pathway in osteoblasts and increase the apoptosis rate
of osteoblasts, the apoptosis-promoting effect and the ex-
pression of pro-apoptotic factors including caspase-3,
cleaved caspase-3 and anti-apoptotic factor BCL-2 were

Table 5. The normality test and statistical analysis of multiple dependent variable of Fig. 5

rhRspol1+1 uM MP

Shapiro-
Wilk

|
S
s =
o =
L
(V]

Shapiro-

Shapiro-Wilk

variable

Dependent

0.000 ' 0.000 | 0.000

0.000 -

102.139%

0014 | 0887|0346 | 0183 | 0025 3605 0065 81.221%

0.012 1 0796 0.105 0445 0.045 2757 0.112

0.113

0.999 0930 0242 0024 0984 0.762

0992 0.824 0815 0.091

0.775

Rspo1

0.000  0.010  0.030

0.000
0.000

0.085

0.056 1 0.810 | 0.138

0.056 1 0307 | 0.034 | 0.837 | 0.206 | 0.515

(3-catenin

Dkk-1

0.000 ' 0.000 | 0.000

1.894 0209 = 79.994% _

0.034 0942 0537 0.097 0014

0.364
0.090
0.685

0699 0235 0035 0996 0886 0.065 0015 0.787 0.083

0.537 1 0205 | 0.025 1 0.847 0.234 0429 | 0.045 0971

0.975

- 0025 0027 0.191

0.000
0.000

91.524*
104.457%

0.010 1 0998 0908  0.144 | 0.012 4418 0.041

0.075

0672

0.942

Bcl-2

0.127 0.000 0.002

0949 0564 0325 0045 2315 0.152

0246  0.158  0.020 0915 0433 0.09 @ 0.009 0997 0.889

0.852

Caspase-3

0.272 1 0.060 | 0.024

0.000

118.274*

0.973 0686 | 0.366 | 0.044 5709 0.022

0.075

0.635

0.243

0.065 | 0.075 | 0.015 1 0.953 0.583 | 0.044 | 0.007  0.851

0.779

Cleaved

caspase-3

31.202
34.765

Apoptosis
rate

10.385  0.016 0.308 0308 0.308

' 0820 0.164 | 20.705  2.565

1.046 0.838 0208 6.885 0815 0.764 0032 31270

0.254 1 9.685

0.855

The Shapiro-Wilk test was used as normality test: 2 control group compared with rhRspol group; ® 1 uM MP group compared with rhRspol+1 uM MP group; ¢ control group compared with rhRspol+1 uM MP group.

Other tests used: @ Kruskal-Wallis test; ® least significance difference test (LSD); * Tamhane's test. THV - test for homogeneity of variance; ANOVA — analysis of variance; NPT — non-parametric test; SD - standard

deviation; P25 - 25" percentile; P75 — 751 percentile; stat. — statistics; MP — methylprednisolone.
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Fig. 5. Apoptosis rate and protein expression in human osteoblast cell line hFOB1.19 (hFOB) treated with R-spondin 1(Rspo1). A. Photograph of apoptosis
obtained using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay; B. Histogram of apoptosis rate; C. Western blot band
of protein expression; D-I. Histogram of protein levels of Rspol, 3-catenin, Dkk-1, Bcl-2, caspase-3, and cleaved caspase-3

*p <005 * p<0.01;**p <0.001 (n=3/group). rhRspol — recombinant human protein of R-spondin 1; MP — methylprednisolone.

obvious in the 1 uM MP group. We further showed that
shRspol had a greater antagonistic effect on the Wnt/p-
catenin pathway. Overexpression of Rspol mRNA only
activated the Wnt/B-catenin pathway inhibited by GC
and reduced osteoblast apoptosis. This suggested that
GC could also promote osteoblast apoptosis through other
signaling pathways or mechanisms, and Rspol could only
partially reverse the apoptosis-promoting effect induced
by GC through the Wnt/B-catenin pathway. Although
we found that Rspol could reduce GC-induced osteo-
blast apoptosis via the Wnt/p-catenin pathway, the exact

underlying molecular mechanism needs to be studied
further.26:%7

We found that rhRspol reduced the apoptosis rate of osteo-
blasts by upregulating the expression of anti-apoptotic factor
Bcl-2, and downregulating the expression of pro-apoptotic
factors caspase-3 and cleaved caspase-3 through the Wnt/j3-
catenin pathway. In addition, rhRspol partially antagonized
the apoptosis of GC-induced osteoblasts. Whether other
members of the Rspo family and other signaling molecules
or pathways, as well as vascular endothelial cell apoptosis
and microvascular injury, are involved in the pathological
process of ANFH needs to be elucidated.?®?° In addition,
the expression of Rspol in osteoblasts treated with rhRspol
was significantly decreased, which might be due to the feed-
back inhibition of exogenous rhRspol.
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Limitations

There are several limitations to this study. First, although
GC is one of the causes of LCPD, the animal model
of ANFH in immature rabbits was successfully induced
using GC, but there is a certain difference between this
model and LCPD caused by the disturbance of blood circu-
lation of the epiphysis of the femoral head. Second, the his-
topathological specimens of the epiphysis of the femoral
head cannot be obtained neither when the LCPD is treated
operatively nor when the conservative treatment is em-
ployed, so the expression of Rspol in the femoral head
can only be simulated in animal experiments. Third, even
though the distribution of the data cannot be convincingly
determined for very small samples, the authors assume
that the observations come from the normal distribution,
and agree that if this assumption is not true, the reported
p-values and confidence intervals are unreliable and must
be interpreted with caution.

Conclusions

In summary, Rspol reduced apoptosis of GC-induced
osteoblasts via the Wnt/p-catenin pathway in ANFH
animals. Moreover, rhRspol could partially antagonize
the apoptosis of GC-induced osteoblasts, thus providing
evidence for the pre-clinical use of rhRspol to treat LCPD.
More in vivo studies are needed to verify the therapeutic
effect of rhRspol on ANFH.
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Abstract

Background. During ischemic stroke treatment, cerebral ischemia/reperfusion (I/R) injury results in neu-
ronal cell death and neurological dysfunctions in brain. Previous studies indicate that basic helix-loop-helix
family member e40 (BHLHE40) exerts protective effects on the pathology of neurogenic diseases. However,
the protective function of BHLHE40 in I/R is unclear.

Objectives. This study aimed to explore the expression, role and potential mechanism of BHLHE40 after
ischemia.

Materials and methods. We established models of I/R injury in rats and of oxygen-glucose deprivation/
reoxygenation (OGD/R) in primary hippocampal neurons. Nissl and terminal deoxynucleotidy! transferase
dUTP nick end labeling (TUNEL) staining was performed to detect neuronal injury and apoptosis. Immuno-
fluorescence was used to detect BHLHE40 expression. Cell viability and cell damage measurements were
conducted using Cell Counting Kit-8 (CCK-8) assay and lactate dehydrogenase (LDH) assay. The requlation
of BHLHEA0 to pleckstrin homology-like domain family A, member T (PHLDAT) was assessed using the dual-
luciferase assay and chromatin immunoprecipitation (ChIP) assay.

Results. Cerebral I/R rats exhibited severe neuronal loss and apoptosis in hippocampal cornu Ammonis 1
(CAT) region, accompanied by downregulated BHLHE40 expression at both mRNA and protein levels, indicating
that BHLHE40 may requlate the apoptosis of hippocampal neurons. The function of BHLHE40 in neuronal
apoptosis during cerebral I/R was further explored by establishing an 0GD/R model in vitro. Low expression
of BHLHE40 was also observed in neurons treated with OGD/R. The OGD/R administration inhibited cell vi-
ability and enhanced cell apoptosis in hippocampal neurons, whereas BHLHE40 overexpression reversed those
changes. Mechanistically, we demonstrated that BHLHE40 could repress PHLDAT transcription by binding
to PHLDAT promoter. The PHLDAT is a facilitator of neuronal damage in brain I/R injury and its upregulation
reversed the effects caused by BHLHE40 overexpression in vitro.

Conclusions. The transcription factor BHLHE40 may protect against brain I/R injury through repressing
cell damage via requlating PHLDAT transcription. Thus, BHLHE40 may be a candidate gene for further study
of molecular or therapeutic targets for I/R.

Key words: BHLHE40, PHLDA1, apoptosis, cerebral I/R injury, 0GD/R
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Background

Ischemic stroke (IS) is a serious disease endangering
human health, which can lead to a disturbance in the lo-
cal blood supply, eventually resulting in severe morbidity
and mortality."? Angioplasty/stenting, mechanical throm-
bectomy and pharmacological thrombolysis with tissue
membrane activator have been confirmed to be effective
interventions for IS.>* However, most IS patients still suf-
fer from a poor prognosis due to severe neurological dys-
function. Cerebral ischemia/reperfusion (I/R) injury is one
of the most prevalent complications of IS, which often
occurs during thrombolysis or surgery.®> At present, I/R
injury is a global health issue, necessitating more research
into molecular processes as well as the identification of ef-
fective treatment targets.

Previous studies suggest that various neurological ill-
nesses can lead to cognitive dysfunction® and neurogenic
inflammation.”® After I/R, the physiological functions
in numerous organs become more vulnerable to oxidative
stress, cellular damage and death.>!° The process of pro-
grammed cell death (PCD) is essential in the development
of the nervous system, and dysregulation of cell-death
programs also occurs in ischemic disorders.!! There
is mounting evidence that cerebral I/R can activate a va-
riety of cell death pathways, including necrosis, apoptosis
and autophagy-associated PCD.!!"!2 One of the best-char-
acterized types of PCD is cell apoptosis, which is consid-
ered to be the underlying cause of I/R injury.!! Necroptosis
and apoptosis as the 2 regulated cell death mechanisms
are involved in mediating the neurologic damage in IS.1*1°
A systematic literature review concluded that the des-
ignated hindrance of apoptosis might be a compelling
treatment for different neurodegenerative infections.!
According to reports, necrostatin-1 played a therapeutic
role in ischemic brain injury as a small-molecule inhibi-
tor of necroptosis.!® Thus, targeted inhibition of pro-
apoptotic factors will give a viable remedial methodology
to cerebral I/R injury.

BHLHEA40, also named DEC1, STRA13 or SHARP2,
is a member of the basic helix-loop-helix transcription
factor family, and it is reported to involve various biological
processes, such as the response to hypoxia, cell differen-
tiation, inflammatory response, and tumorigenesis.!”~!°
It has been linked to a variety of biological processes in cell
lines, including the control of the cell cycle and cell death
and differentiation.?® The anti-apoptotic role of BHLHE40
was reported in many papers. There is evidence that
BHLHE40 is abundantly expressed in different cancers
and safeguards against apoptosis by inducing survivin,
an anti-apoptotic protein.?! In colon carcinoma, BHLHE40
is highly expressed and plays an antagonizing role in se-
rum deprivation-induced apoptosis, along with selectively
inhibiting procaspase activation.?? Nevertheless, it is hazy
whether BHLHE4O0 has a role also in neuronal apopto-
sis brought about by I/R injury. BHLHE4O0 is expressed
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in different tissues and acts as a transcriptional repressor
or activator to repress or activate the transcriptional regu-
lation of downstream target genes. For instance, BHLHE40
plays an important role in controlling the mammalian cir-
cadian rhythm by inhibiting the CLOCK/BMALIl-actuated
promoter.?? BHLHE40 was able to increase the expression
of TAp73 via transcriptional activation of the TAp73 pro-
moter.?* In addition, BHLHE40 increases the promoter
activation of T-box transcription factor Tbx21-mediated
Ifng.?

Pleckstrin homology-like domain family A, member 1
(PHLDA1), also known as PHRIP, TDAG51 and DT1P1B11,
exerts an important role in different pathologic states.?®
The importance of PHLDAL1 in the process of apoptosis
has been reported in a variety of cancers.?”? In addition,
it has been indicated that PHLDA1 inhibition ameliorates
I/R induced injury, including myocardial injury and he-
patic injury.?>2° In addition, the protective role of PHLDA1
knockdown has been described in OGD/R-injured neu-
rons, revealing that PHLDA1 may act as a target for neu-
roprotective therapy. Based on these findings, we inferred
that PHLDA1 might exert a central role in the nervous
system.

Objectives

Bioinformatics predicted that BHLHE40 could bind
to PHLDAL. On this basis, the study aimed to investi-
gate whether PHLDA1 could serve as a transcriptional
target of BHLHE40, and to uncover the protective ef-
fects of BHLHE40 on I/R injury. Moreover, the function
of PHLDAL1 on cell apoptosis was explored in oxygen-glu-
cose deprivation/reoxygenation (OGD/R)-triggered pri-
mary hippocampal neurons with overexpressing PHLDA1
and BHLHE40 simultaneously.

Materials and methods
Bioinformatics analysis

JASPAR is an open-access database storing manually cu-
rated transcription factors binding profiles as position fre-
quency matrices.?! The binding between the transcription
factor BHLHE40 and PHLDA1 promoter was predicted
using the JASPAR website (http://jaspar.genereg.net/).

Animals

Male rats (Sprague Dawley, 6—8-week-old) were ran-
domly allocated in the sham group and the I/R group.
The rats were housed in a 12-hour light/dark cycle, with
45-55% humidity and temperature of 22 +1°C, in con-
trolled conditions, with food and water available freely.
The 4-vessel occlusion (4-VO) method was used to induce
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transient cerebral ischemia. After 1 week of adaptive
feeding, electrocautery was used to occlude both verte-
bral arteries after anesthesia with pentobarbital sodium
(50 mg/kg). On the next day, both carotid arteries were
ligated using microvascular clips for 10 min to insti-
gate cerebral ischemia. After that, the aneurysm clips
were removed for reperfusion and the models were es-
tablished after 72 h of reperfusion. Then, the rats were
sacrificed and the cerebrum tissues were isolated for
subsequent investigations. Except that the bilateral com-
mon carotid arteries were not occluded, other operations
in the sham group were the same as those in the I/R group.
All animal procedures were approved by the committee
of Jinan Central Hospital, Shandong University (approval
No. JNCH2021-6).

Cell culture and lentivirus production

Hippocampal neurons obtained from the brains of new-
born rats were dissociated using 0.125% trypsin (Sigma-
Aldrich, St. Louis, USA) at 37°C for 15 min. Then, the cells
were seeded in plates coated with 0.1 mg/mL of Poly-L-
lysine (Solarbio, Beijing, China). The cells were then grown
in a neurobasal medium (Gibco, Waltham, USA) contain-
ing 2% B-27 and 1% glutamine for 24 h at 37°C in a 5%
CO, environment. Subsequently, the medium was changed
every 3.5 days.

The cells were cultivated in 6-well plates and incu-
bated at 37°C and 5% CO, overnight. After that, lenti-
virus overexpressing BHLHE40 (LV-BHLHE40) vector
or containing the control vector (LV-vector) was used
to infect hippocampal neurons. Additionally, lentivi-
rus overexpressing PHLDA1 (LV-PHLDA1) vector or its
control vector (LV-vector) was used to infect the hip-
pocampal cells. To verify the regulation of BHLHE40
on PHLDA], the cells were co-infected with LV-BHLHE40
and LV-PHLDAL.

OGDJ/R application

After a 72-hour lentivirus infection, OGD/R was initi-
ated. Briefly, Dulbecco’s modified Eagle’s medium (DMEM)
was used to replenish neurons and then the cells were
placed in an anaerobic chamber filled with 85% nitrogen,
10% hydrogen and 5% CO, at 37°C for 4.5 h. A fresh neu-
robasal medium was supplanted after OGD treatment, and
the neurons were then incubated at 37°C/5% CO, for 24 h.

Brain water content measurement

The brain was removed from 4-VO-conducted rats, and
the wet weight of the brain was measured immediately.
After drying in a vacuum oven at 121°C for 24 h, the brains
were re-weighed for the dry weight. Finally, the degree
of brain edema was calculated as follows: (wet weight — dry
weight)/wet weight x 100%.
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Nissl staining

Nissl staining was assessed to detect neuronal injury
in the cornu Ammonis 1 (CA1) and CA3 regions of the rat
hippocampus. Sections were stained with 0.5% cresyl
violet for 10 min and differentiated in 0.25% acetic acid
in ethanol for a few seconds. Using an optical microscope
(model DP73; Olympus Corp., Tokyo, Japan), we cap-
tured the pictures at a magnification of x40 and x200.
The Nissl-positive cells were counted using the Image]
software (National Institutes of Health, Bethesda, USA),
and the quantitative data were expressed as the percent
of Nissl-positive cells (%).

TUNEL staining

The sections of neuronal cells or paraffin-embedded
brain sections were permeabilized using 0.1% Triton X-100
(Beyotime Biotechnology, Shanghai, China). After that,
the sections were stained with terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) fluorescence
staining reagents at 37°C in the dark for 60 min, and then
stained with DAPI (4',6-diamidino-2-phenylindole; Alad-
din, Shanghai, China). Fluorescent images were captured
using an optical microscope (model DP73; Olympus Corp.).
Quantitative data were expressed as the percent of TU-
NEL-positive cells (%).

Quantitative real-time polymerase
chain reaction (QRT-PCR)

Expressions of BHLHE40 and PHLDA1 mRNA were
quantitatively determined with quantitative real-time
polymerase chain reaction (QRT-PCR). TRIpure reagent
(BioTeke, Wuxi, China) and BeyoRTTM II M-MLV re-
verse transcriptase (Beyotime Biotechnology) were used
to isolate total RNA and synthesize cDNA respectively.
For the conduction of qRT-PCR, SYBR Green (Solarbio)
was used, and the data obtained from the system was de-
termined by calculating the 2742CT relative fold change.
The mRNA levels of BHLHE40 and PHLDA1 were nor-
malized to B-actin. The primer sequences were as fol-
lows (5-3’): BHLHE40 F: AGCGAGGACAGCAAGGA;
BHLHE40 R: CCAAGTGACCCAAAGTAGTAAG;
PHLDA1 F: ACAGCCGAACCGTCCCA; PHLDAL R:
TTTGCCCTCCGCCATCA.

Western blot

Whole-cell lysates were collected in the lysis buffer
and the BCA method (Beyotime Biotechnology) was used
to determine the protein concentration. Then, we sub-
jected equal amounts of protein to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis) (SDS-PAGE) and
transferred them to polyvinylidene difluoride (PVDF)
membranes. Subsequently, the membrane was incubated
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with specific primary antibodies (BHLHE40 (Abclonal,
Wuhan, China); PHLDA1 (Affinity Biosciences, Chang-
zhou, China); caspase-3 (Cell Signaling Technology (CST),
Danvers, USA); cleaved caspase-3 (CST); Bcl-2 (Abclonal);
PARP (CST); cleaved PARP (CST); BAX (Affinity); and
B-actin (Beyotime Biotechnology)) at 4°C overnight and
subsequently incubated with secondary antibodies (Beyo-
time Biotechnology) at 37°C for 1 h. The quantitative den-
sitometric values of the proteins were normalized to that
of B-actin.

Immunofluorescence

For double immunofluorescence, paraffin-embedded
hippocampus sections (5 um) were incubated at 60°C
in an oven for 2 h, followed by dewaxing and dehydrat-
ing. The sections were incubated with primary against
BHLHE40 (Rabbit; Abclonal) and NeuN (Mouse; Abcam,
Cambridge, UK) antibodies at 4°C overnight. Then, the sec-
tions were incubated with the secondary antibody conju-
gated to fluorescein isothiocyanate (FITC)-labeled goat
anti-rabbit immunoglobulin G (IgG; Abcam) and cyanine
3 (Cy3)-labeled goat anti-mouse IgG (Invitrogen, Carls-
bad, USA) at 37°C for 1 h. Phosphate-buffered saline (PBS)
containing 0.1% Triton X-100 was used to permeabilize
the fixed cells for 30 min at room temperature. The cells
were incubated successively with the BHLHE40 antibody
and the secondary antibody against FITC-labeled goat IgG.
The number of BHLHE40-positive cells and BHLHE40/
NeuN double-positive cells were counted at x400 magni-
fication using Image] software.

CCK-8

A CCK-8 Cell Proliferation Detection Kit (KeyGen Bio-
tech, Nanjing, China) was used to determine cell viability.
Briefly, CCK-8 solution (10 puL) was added and incubated
at 37°C for 2 h with 3x103 cells seeded into 96-well culture
plates. A microplate reader (Biotek, Winooski, USA) was
used to measure the optical density (OD) at 450 nm.

Lactate dehydrogenase assay

The lactate dehydrogenase (LDH) assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) was used
to detect cell damage. The LDH activity was determined
by measuring the absorbance at 450 nm.

Dual-luciferase assay

To generate PHLDAI promoter-luciferase construct,
a fragment of PHLDA I promoter from —1956 bp to +12 bp
was amplified with PCR and cloned to pGL3 vectors. Then
the pGL3 vectors were transfected with BHLHE40 over-
expression (OE-BHLHE40) or control vectors (OE-vector)
into the hippocampal cells using Lipofectamine 3000
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(Invitrogen) according to the manufacturer’s instruction.
An assay kit (KeyGen Biotech) for determining luciferase
activity was utilized in cells 48 h after transfection.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was
carried out using a cell chip kit (Wanleibio, Shenyang,
China) according to the manufacturer’s instructions.
In brief, neurons were cross-linked to fix the DNA/pro-
tein complexes containing 1% formaldehyde for 10 min
at ambient temperature. Glycine was added at a final
concentration of 0.125 M to terminate the reaction.
At 4°C, cell lysate was sonicated for 2 min, and the sam-
ples were mixed with precleared protein A/G beads for
2 h. Then, the supernatant fraction was incubated with
the BHLHE40 antibody and normal IgG overnight at 4°C.
After releasing the crosslink, purified DNA was sub-
jected to PCR and analyzed using agarose gel electropho-
resis. The primer sequences were as follows (5-3’): chip
PHLDA1 F: GGGGAAAGGGAATAACA; chip PHLDA1
R: GTCTCGGTCAAACAAGG.

Statistical analyses

Statistical significance was determined using Graph-
Pad Prism v. 8.0 (GraphPad Software, San Diego, USA).
The normality of distribution of all data was checked with
D’Agostino—Pearson omnibus test. A value of p < 0.05 was
deemed significant.

For data in 2 groups, the homogeneity of variance was
examined with F test. If data complied with the normal dis-
tribution and had equal variance, p-values were calculated
using unpaired t-test; if not, p-values were determined
using Mann—Whitney U test.

For data from multiple groups, the homogeneity of vari-
ance was examined using Brown-Forsythe test. If data
were in normal distribution and had unequal variances,
p-values were calculated with one-way analysis of variance
(ANOVA) followed by Tukey’s post-test; if not, p-values
were determined using Kruskal-Wallis test followed
by Dunn’s post-test.

Results

BHLHE40 is downregulated in rats
undergoing cerebral I/R injury

Our study investigated the role of BHLHE40 by cre-
ating a model of brain I/R injury on rats, and we dis-
covered that the brain water content was significantly
increased in the ischemic rats compared with the control
rats (Fig. 1A). The results of Nissl staining indicated that
the neurons were changed after ischemia, which presented
neuronal cell loss and karyopyknosis in the CA1 region
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of rats (Fig. 1B). The number of apoptotic cells was in-
creased in the ischemic models compared with the sham
group (p < 0.001, Fig. 1C). We found that the mRNA and
protein levels of BHLHE40 had a notable decrease in rats
induced with induced I/R (Fig. 1D). The results of im-
munofluorescence staining suggested that BHLHE40 co-
localized with NeuN (a neuronal marker), and positive
cells of BHLHE40 and NeuN were decreased in the CA1
region of the hippocampus after I/R injury (p < 0.001,
Fig. 1E). As shown in Fig. 1F, the transcriptional and pro-
tein levels of PHLDA1 were markedly increased in rats
induced with induced I/R.

BHLHE40 overexpression ameliorates cell
damage in OGD/R-induced neurons

Using neuronal cells subjected to OGD/R, we ana-
lyzed cell damage and apoptosis to determine the role
of BHLHE4O in brain I/R injury. The efficiency of lentivi-
rus infection was verified using qRT-PCR and western blot
assays (Fig. 2A). The results showed that the mRNA and
protein levels of PHLDA1 were decreased after BHLHE40
overexpression (Fig. 2B). Figure 2C shows that OGD/R
treatment downregulated BHLHE40 expression, while
BHLHEA40 overexpression significantly elevated its ex-
pression in OGD/R-induced neurons (Fig. 2C). As shown
in Fig. 2D,E, the OGD/R-induced cells activated the cell
viability and inhibited the LDH activity after BHLHE40
overexpression. Immunofluorescence staining showed
decreased BHLHE40-positive cells in the OGD/R group
(Fig. 2F).

BHLHE40 overexpression ameliorates
apoptosis in OGD/R-induced neurons

The ratio of TUNEL-positive cells was significantly in-
creased after OGD/R administration, whereas BHLHE40
overexpression inhibited the effects (Fig. 3A). The western
blot analysis indicated that the protein levels of cleaved
caspase-3 and cleaved PARP were markedly decreased
in OGD/R-induced cells with BHLHE40 overexpression,
while the levels of caspase-3 and PARP did not change
(Fig. 3B — upper section). In addition, the results showed
that BAX was downregulated in the presence of BHLHE40
overexpression, which enhanced the protein content
of Bcl-2 (Fig. 3B — lower section).

Transcriptional regulatory effects
of BHLHE40 on PHLDAT1

To clarify the association between BHLHE40 and
PHLDAI1 in neuronal injury after OGD/R treatment,
we identified PHLDA1 expression after BHLHE40 upreg-
ulation. The results of qRT-PCR and western blot assays
showed that PHLDA1 expression was negatively regu-
lated by BHLHE4O0 (Fig. 4A). Then, a luciferase assay was

Y. Li et al. BHLHE40 protects against I/R injury

performed using a plasmid constructed with the PHLDA 1
promoter linked to a luciferase reporter gene, and
it showed that BHLHE4O0 repressed the luciferase activity
of the PHLDAI promoter (Fig. 4B). Furthermore, ChIP
experiments demonstrated that PHLDA1 was the target
gene of BHLHE40 (Fig. 4C).

BHLHE40 overexpression inhibits cell
apoptosis of OGD/R-induced cells through
controlling PHLDAT1

To verify the mechanism of BHLHE40 through regu-
lating PHLDA1 in I/R injury, the hippocampal neurons
were co-infected with LV-BHLHE40 and LV-PHLDA1, and
subjected to OGD/R treatment. The mRNA and protein
levels of PHLDALI verified the efficiency of lentivirus in-
fection (Fig. 5A). As shown in Fig. 5B, the enhanced cell
viability caused by BHLHE40 upregulation was inhibited
in the presence of PHLDA1 overexpression. The anti-
apoptotic role of BHLHE40 in OGD/R-induced neurons
was observed using the TUNEL staining, whereas the ra-
tio of TUNEL-positive cells was increased after PHLDA1
overexpression (Fig. 5C). We discovered that the inhibiting
effect of BHLHE40 overexpression on PHLDA1 expres-
sion was reversed by PHLDA1 upregulation in neurons
subjected to OGD/R (Fig. 5D).

Discussion

This study found that BHLHE40 was downregulated
in ischemia rats and primary neurons following OGD/R
treatment. To systematically identify the function
of BHLHE40 in brain I/R injury, cell damage and apoptosis
were measured in BHLHE40-overexpressed neurons. In vi-
tro experiments further confirmed the direct transcrip-
tional regulation of PHLDA1 by BHLHE40. Furthermore,
BHLHE4O0 overexpression shielded neurons from damage
from brain I/R via inhibiting PHLDAL.

It is well known that neuronal apoptosis can shape
the developing brain,'® and dysregulation of apoptosis
is reported to be related to the progression of neurode-
generative illnesses and chronic diseases such as isch-
emic stroke.3? We found that increased ratio of TUNEL-
labeled cells was observed in the hippocampal CA1 region
of ischemia rats, and the neurons presented karyopyknosis.
Several proteins are involved in mammalian apoptosis,
including genes encoding Bcl-2, the adaptor protein Apaf-1,
and cysteine protease caspases.!® A series of morphologi-
cal and histochemical changes occur after apoptosis, and
they are mainly the result of the activation of cellular sui-
cide cysteine proteases — the caspases.?33* These enzymes
subsequently participate in a cascade when pro-apoptotic
signals are activated.?®* Moreover, studies have indicated
that the activity of Bcl-2 family gene products is involved
in cellular and neurological processes in ischemic brain
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Fig. 2. Effects of BHLHE40 on cell damage in primary hippocampal neurons subject to oxygen-glucose-deprivation/reperfusion (OGD/R) injury.

A,B. The expression of BHLHE40 and PHLDAT1 in hippocampal neurons was measured, and their levels were quantified by normalizing to B-actin;

C. The mRNA and protein levels of BHLHE40 were detected in OGD/R-induced cells, and the BHLHE40 level was quantified by normalizing to 3-actin.

D. Cell viability was detected with Cell Counting Kit-8 (CCK-8) assay; E. Quantification of cell injury was measured with lactate dehydrogenase (LDH) activity;
F. The expression of BHLHE4Q visualized with immunofluorescence staining, and the quantification of BHLHE40-positive cells

=0 < 0.01;*%* p < 0.001.

injury.®® Consistently, our study discovered that the ex-
pression of Bcl-2 was downregulated in ODG/R-induced
neurons. In addition, BAX, a pro-apoptotic member
of the Bcl-2 family, is required for neuronal death,* and

PARP-1 activity is suppressed by Bcl-2 directly.?” Previ-
ous study suggests that amantadine and topiramate can
improve I/R injury by reducing apoptosis.® We found that
the protein accumulation of cleaved caspase-3, cleaved
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PARP and BAX was enhanced in ODG/R-induced neu-
rons, while BHLHE40 overexpression reduced the protein
amount, indicating that BHLHE40 exerted an anti-apop-
totic role in I/R injury.

In addition to cellular damage, patients with brain dam-
age present cognitive dysfunction®; thus, it is imperative
to develop new techniques and therapeutic schedules.

Accumulating evidence indicates that BHLHE40 exerts
protective effects in different diseases. This was exem-
plified in the paper by Huynh et al., which reported that
BHLHE40 was an essential repressor of cytokine IL-10
during Mycobacterium tuberculosis infection.*® In hu-
man hepatocellular carcinoma HepG2 cells, BHLHE40
upregulation partially antagonized apoptosis after
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8-methoxypsoralen treatment and decreased the activa-
tion of caspase-3.* Hamilton et al. found that mice lack-
ing BHLHE40 displayed increased neuronal excitability
and poorer synaptic plasticity in the hippocampal area.*?
Similarly, our study confirmed the effects of BHLHE40
in neuroprotection, which was evidenced by the decreased
protein amounts of apoptosis-related factors and cell apop-
tosis after BHLHE40 overexpression in neuronal cells with
OGD/R treatment. In addition to the role of anti-apoptotic
factor, BHLHE40 also ameliorated cell damage (according
to the data from the detection of LDH activity). It was
reported that BHLHE40 overexpression alleviated MPP*-
induced neurotoxicity in Parkinson’s disease, whereas
BHLHEA40 silencing aggravated the symptom,** which was
consistent with our work.

The most critical function of BHLHE4O is as a tran-
scription factor to regulate the expression of downstream
target genes. A few molecules have been detailed to be
included within the metastasis controlled transcription-
ally by BHLHE40. Studies indicate that BHLHE40 plays
a pro-survival and pro-metastatic role in breast cancer
cells by activating the transcription of heparin-binding

epidermal growth factor.!” Beyond that, a report by Kanda
et al. suggested that BHLHEA40 increased the promoter
activation of T-box transcription factor Tbx21-mediated
Ifng.%> Hereon, PHLDA1 was revealed to be repressed tran-
scriptionally by BHLHE40, and functional investigation
found that BHLHEA40 overexpression inhibited cell apop-
tosis of OGD/R-induced cells via controlling PHLDA1.
It is of pivotal importance to investigate the mechanism
of BHLHE4O in ischemic injury.

PHLDAL, first identified by Park et al, was reported to ful-
fill an essential role in the induction of apoptosis in mouse
T-cell hybridomas.** In previous studies, PHLDA1 was
markedly expressed in oxidative stress-induced cardio-
myocyte and myocardial I/R wounds, and its upregulation
in cardiomyocytes exacerbated oxidative stress-induced
cardiomyocyte injury.?® In addition, other work has shown
that PHLDA1 deficiency protects against OGD/R injury,
which makes it one of the new targets for treating cerebral
injury.*> Consistently, in the study, the data showed that
PHLDA1 was upregulated in the hippocampal neurons
exposed to OGD/R, and PHLDA1 overexpression inhibited
the cell viability and promoted the cell apoptosis caused
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Fig. 5. BHLHE40 inhibits cell damage and apoptosis in oxygen-glucose deprivation/reoxygenation (OGD/R)-induced cells by controlling PHLDAT.

A. The expression of PHLDAT in neurons was verified, and the PHLDAT1 level was quantified by normalizing to 3-actin. Primary hippocampal neurons
co-infected with BHLHE40 and PHLDAT1 overexpressing lentiviral vectors were treated with OGD/R, and the cells were utilized for the following experiments;
B. Cell viability was detected using Cell Counting Kit-8 (CCK-8) assay; C. TUNEL staining was used to detect cell apoptosis, and the ratio of TUNEL-positive
cells was quantified; D. Western blot analysis for PHLDAT in OGD-induced cells after overexpressing BHLHE40 and PHLDATI. The level of PHLDAT (normalized
to B-actin) was quantified

*p <0.05 **p <0.001.

by BHLHE40 upregulation. Further studies showed that PHLDAI. The regulation between BHLHE40 and PHLDA1
PHLDA I was the target gene of BHLHE40, and BHLHE40 might provide a novel direction for the development of neu-
overexpression inhibited cell damage through controlling roprotective therapy. The cardiac autonomic dynamics
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reported by Battaglia et al. provide a new understanding
of the nervous system.%® There is growing evidence for
the protective role of neuropsychiatric disorders,*”*8 which
provides theoretical and clinical implications. Moreover,
many new applications for psychiatric and neurological
disorders have been reported, including non-invasive
stimulation techniques***® and prognostic biomarkers.>!
Whether these applications can treat cerebral I/R injury
remains to be explored in future studies.

Limitations

Some limitations of the present study should be recog-
nized. First, although we provide potential therapeutic
directions for clinical treatment, there is still no evidence
to prove whether our results apply to humans. Moreover,
the neurons were not treated with OGD/R under differ-
ent conditions, so the optimal time for the establishment
of the cell model was not obtained. The statistical analysis
was exploratory, and the Bonferroni correction was not
applied.

Even though the distribution of the data cannot be con-
vincingly determined for very small samples, we assume
that the observations come from the normal distribu-
tion. We agree that if this assumption is not true, the re-
ported p-values and confidence intervals are unreliable
and must be interpreted with caution. The nonparamet-
ric tests only indicated significant differences between
groups in Fig. 2A (BHLHE4O0 protein expression), Fig. 2C
(BHLHE40 mRNA expression) and 5A,B (PHLDA1 pro-
tein expression).

Conclusions

In summary, neuronal loss and apoptosis were found
in the hippocampal CA1 region of cerebral I/R rats, and
the results suggested that BHLHE40 and PHLDA1 were
respectively downregulated and upregulated in rat brains
after cerebral I/R. Functional analysis suggested that
BHLHEA40 suppressed neuronal apoptosis and cell death,
as well as increased cell viability in OGD/R-induced cells.
Mechanistic analysis reveals that BHLHE40 could de-
crease the expression of PHLDA1 through transcriptional
inhibition of the PHLDA 1 promoter, demonstrating that
PHLDAI1 serves as a transcriptional target of BHLHE40.
These findings indicate that BHLHE40 protected against
I/R damage by inhibiting PHLDAL. It is plausible that
BHLHE40 may be an effective therapeutic option for ce-
rebral I/R injury.
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Abstract

Background. Prolonged deterioration of microvascular flow during sepsis leads to organ dysfunction.
Capillary flow restoration may prevent this complication.

Objectives. The main aim of this study was to investigate the microcirculatory effects ofinhaled nitric oxide
(iNO) combined with intravenous hydrocortisone in a porcine model of sepsis. The 2 aim was to evaluate
the influence of hemodynamic resuscitation with noradrenaline and crystalloids on capillary flow.

Materials and methods. Eleven piglets of Polish breed underwent surgical colon perforation to develop
sepsis. They were randomly allocated to one of 3 treatment groups. Group 1 received iNO and hydrocortisone,
whereas group 2 did not. Both groups were resuscitated with crystalloids and noradrenaline if hypotensive.
Group 3 received no treatment at all. During a 30-hour observation, we assessed the microcirculation using
sidestream dark field imaging (SDF).

Results. We found no effect of iNO with hydrocortisone on the microcirculation. Fluid and vasopressor
treatment led to a higher microcirculatory flow index after 20 h of observation (3 and 2.75 in groups 1 and
2 compared to 19 in group 3), a greater proportion of perfused vessels (94% and 87% compared to 63%
in groups 1, 2 and 3, respectively) and a greater perfused vessel density (15.2 mm/mm?, 15.09 mm/mm’
and 10.1 mm/mm?in groups 1, 2 and 3, respectively).

Conclusions. Crystalloid and vasopressor treatment postponed microvascular flow derangements, whereas
iNO combined with intravenous hydrocortisone did not improve microvascular perfusion.

Key words: sepsis, multiorgan failure, microcirculation, inhaled nitric oxide, sidestream dark field
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Background

Each year, 31 million people are hospitalized due to sep-
sis, and over 5 million die with this diagnosis.! Sepsis and
its complications, including multiorgan failure, result from
complex hemodynamic and cellular mechanisms, with cap-
illary perfusion being altered. Specific changes in capillary
flow may precede the more severe symptoms of sepsis and
septic shock.??® Persistent microcirculatory derangement
is strongly related to poor outcomes and can be observed
in patients with multiorgan dysfunction even after the reso-
lution of shock.*> Therefore, capillary flow monitoring
may be helpful in the early diagnosis of sepsis, following
its course and determining its prognosis.

There are multiple studies concerning septic patients and
septic animal models that provide reproducible information
about the microcirculation changes occurring in sepsis.®=
Activation of the inflammatory response leads to the ces-
sation of flow in some capillaries and augmentation of flow
in others, resulting in heterogeneity within microvascular
flow.” An increased distance between perfused capillaries
impedes oxygen diffusion and its delivery to cells, creating
a microcirculatory shunt.! It leads to oxygen deficits in tis-
sues, increased lactate production, shock, and finally organ
dysfunction.?!112 Therefore, microvascular resuscitation and
the restoration of homogeneity of flow in capillary beds are
crucial for managing sepsis and preventing its complications.

In recent years, much attention has been paid to nitric
oxide (NO) and its role in microvascular flow restoration
in sepsis. Generally, the release of NO is increased in septic
shock. However, in some areas, NO production may be im-
paired, which is one of the factors leading to heterogeneity
and hypoperfusion of the microvascular bed.’>!* There are
multiple trials targeting both NO production inhibition
and external NO delivery.'>~1” The delivery of exogenous
NO, a very potent vasodilator, can potentially restore
microcirculation and tissue perfusion, and reduce mor-
tality.'”!8 Inhaled nitric oxide (iNO) is one of the donors
tested not only because of its pulmonary activity but also
because of its recognized peripheral effects.!’

It has been previously reported that moderate doses of hy-
drocortisone administered in the early stages of septic shock
improved capillary perfusion and increased NO delivery
to tissues.?’ The use of hydrocortisone in septic shock seems
beneficial not only due to its anti-inflammatory properties
since glucocorticoids inhibit pro-inflammatory gene expres-
sion and activate anti-inflammatory protein production.?!
It also increases vessel responsiveness to catecholamines.?
Low doses of corticosteroids can restore circulation and re-
duce mortality in septic shock.?®?* In a preliminary study
on piglets exposed to prolonged endotoxin/lipopolysaccharide
(LPS) infusions, it has been demonstrated that combined iNO
and intravenous steroids attenuate LPS-induced kidney injury,
but neither of them does it on its own.?> This effect may be
partially explained by the fact that iNO upregulates gluco-
corticoid receptors and blunts the inflammatory response.?®

M. Grotowska et al. Effects of iNO on microcirculation in sepsis

When it comes to septic shock, intravenous fluids with vaso-
pressors have been proven to resuscitate the microcirculation.
However, whether hemodynamic stabilization equals micro-
circulatory improvement is still in question. For years, early
goal-directed therapy (EGDT) has been recognized as an ef-
fective treatment in managing septic shock and reducing
mortality and the probability of multiorgan failure.?” Further
studies have not confirmed the influence of protocol-based
fluid resuscitation on mortality and morbidity reduction.?-3°
However, in the above trials, patients received fluids before
randomization. For this reason, fluid resuscitation was re-
tained in the latest Surviving Sepsis Campaign guidelines, but
the strength of this recommendation was reduced to weak.3!
Ospina-Tascon et al. proved that early administration of fluids
in sepsis may improve capillary perfusion.?? Interestingly, mi-
crocirculatory changes were independent of macrocirculatory
variables. Early fluid loading without a cardiac response could
increase microvascular perfusion, whereas late administration
of fluids, even if associated with increased cardiac index and
mean arterial pressure, did not lead to microvascular resus-
citation. For this reason, hemodynamic monitoring seems
insufficient in sepsis, and observation of the microcirculation
seems necessary as it provides the full picture of the disease.
For this purpose, in our study, we applied sidestream dark
field imaging (SDF) as described elsewhere.®

Objectives

Based on our previous experience in an experimental
model of piglet endotoxemia undergoing combined therapy
with iNO and intravenous hydrocortisone, we attempted
to verify whether this type of therapeutic management, along
with standard fluid and hemodynamic resuscitation, can
improve or restore homogeneous capillary flow in septic pigs.

Our study was based on a porcine fecal peritonitis model.
This model has been widely used in the study of the patho-
physiology of sepsis and the impact of new therapeutic
modalities on its course.3%3°

Materials and methods
Ethical issues

This study was approved by the Animal Research Eth-
ics Committee of the Institute of Immunology and Ex-
perimental Therapy, Polish Academy of Science, Wroclaw,
Poland (permission No. 7/05) and reported in compliance
with the Animal Research: Reporting of In Vivo Experi-
ments (ARRIVE) guidelines. All methods were carried
out in accordance with applicable Polish law and followed
the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH) and
Minimum Quality Threshold in Pre-Clinical Sepsis Stud-
ies (MQTiPSS) recommendations.3%37
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Throughout our research, care was taken to guarantee
the maximum comfort of the animals. The depth of anal-
gesia was adjusted to the level of pain stimuli and the depth
of anesthesia was adjusted according to the level of con-
sciousness. The animals that survived the study period
were euthanized with pentobarbital.

Animal preparation

A detailed description of the instrumentation was previ-
ously presented elsewhere.?® This study is part of a larger
project covering a sequence of studies on iNO delivery
to septic piglets.2>38-40

The experiment was conducted in the Department
of Surgery at the Wroctaw University of Environmental
and Life Sciences, Poland. Originally, the study group con-
sisted of 12 female piglets of Polish breed. One of them was
excluded as it developed severe hypotonia unresponsive
to treatment during instrumentation and died. All animals
were of the same age (2 months). Their median body weight
was 18.5 kg (range: 17-22 kg).

All piglets fasted for 6 h before the experiment; how-
ever, they were allowed to drink water at will. To induce
anesthesia, we administered tiletamine-zolazepam doses
of 4 mg x kg dissolved in medetomidine 0.08 mg x kg~!
intramuscularly. All animals were successfully intubated
and mechanical ventilation was started using Servo 900C
ventilators (Siemens-Elema AB, Solna, Sweden). A ventila-
tion protocol was based on the pressure-controlled mode
with an initial inspired fraction of oxygen (FIO,) of 0.3 and
a positive end-expiratory pressure (PEEP) of 5 cm H,O.
During the experiment, ventilator settings were adjusted
in accordance with blood gas analysis.

Following induction, general anesthesia was main-
tained with the intravenous infusion of ketamine (1.5—
2.4 mg x kg™! x h™!), medetomidine (5.3-8.2 pg x kg™! x h1),
fentanyl (0.8-1.3 pg x kg™ x h!), and midazolam (0.08-
0.13 mg x kg™ x h™). Allanimals received a solution of 2.5%
dextrose in 0.9% saline (Glu/NaCl 1:1) at a constant rate

anesthesia induction bowel perforation

. . iNO+hydrocortisone
instrumentation

placebo
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of 100 mL x h™! to prevent hypoglycemia. In addition, all
animals received 500 mg of cefuroxime (GlaxoSmithKline,
Solna, Sweden) intravenously (i.v.) every 8 h to counter ac-
cidental bacterial contamination during instrumentation
and as the treatment modality.

For further hemodynamic monitoring, arterial lines,
central venous catheters and pulmonary artery catheters
were introduced. The following hemodynamic parameters
were registered: heart rate (HR), systolic arterial pressure
(SADP), diastolic arterial pressure (DAP), mean arterial pres-
sure (MAP), systolic pulmonary artery pressure (SPAP),
central venous pressure (CVP), diastolic pulmonary ar-
tery pressure (DPAP), mean pulmonary artery pressure
(MPAP), pulmonary capillary wedge pressure (PCWP),
cardiac output (CO), cardiac index (CI), systemic vascular
resistance index (SVRI), pulmonary vascular resistance
index (PVRI), and stroke volume index (SVI). Access
to the urinary bladder was obtained transabdominally.
According to core temperature measurements, heating
blankets and external cooling were used to keep tempera-
tures within the normal range. After instrumentation,
the first blood sample was taken to evaluate arterial blood
gas, complete blood count, aspartate transaminase (AST),
alanine transaminase (ALT), creatinine, and urea. Hemo-
dynamic measurements and microvascular imaging were
performed.

Study protocol

The timeline of interventions is presented in Fig. 1. After
a 1-hour rest, all piglets underwent a surgical midline lapa-
rotomy. The descending colon was visualized, a 3-centi-
meter incision was performed and 1.5 g/kg of fecal content
was removed, mixed with blood, and then deposited close
to the diaphragm to cause a septic-like condition. Then,
the laparotomy was closed and all measurements were
repeated every 10 h from that moment (Fig. 1).

Next, the piglets were randomly allocated to one
of 3 groups:

Fig. 1. Timeline
of interventions and
data acquisition events

START ~ 3h 10h

20h 30h >

| 15t time point

microvascular imaging
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blood sampling

microvascular imaging

hemodynamic measurements

blood sampling
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Group 1 — piglets receiving iNO (800 ppm iNO in 9000 ni-
trogen; Pulmonox-Messer Griesheim, Bad Soden am Taunus,
Germany) at a concentration of 30 ppm and hydrocortisone
(75 mgiv. every 7 h). Hypotensive piglets (MAP < 65 mm Hg
for more than 3 min) were treated with a bolus of Ringer’s
lactate (300 mL) and norepinephrine infusion (if unrespon-
sive to fluids) to maintain MAP > 65 mm Hg.

Group 2 — piglets receiving neither iNO nor hydrocor-
tisone but treated for hypotension with fluids and nor-
adrenaline infusion similar to group 1.

Group 3 — piglets not receiving iNO and hydrocorti-
sone, and not resuscitated with fluids or noradrenaline
infusions.

In most cases, fluid boluses were sufficient to raise
the MAP above 65 mm Hg in the resuscitated groups. Only
1 pig from group 1 received noradrenaline.

Microcirculation assessment

Our study evaluated microcirculation with the Mi-
croScan™ device (MicroVisionMedical, Amsterdam,
the Netherlands) based on SDF. We assessed the microvas-
cular bed of the sublingual region of the oral cavity using
4 different sequences at every time point. Every record was
stored using a random number code and the analyzing re-
searcher was blinded to all clinical data. To optimize image
quality and avoid artifacts, we ensured maximum camera
stability, removed saliva from the sublingual area using
sterile gauze, and minimized pressure on the mucosa.

For the microcirculation evaluation, we used AVA v. 3.0
(MicroVision Medical BV, Amsterdam, The Netherlands),
which automatically identifies vessels. It calculates total
vessel density by calculating the number of vessels crossing

M. Grotowska et al. Effects of iNO on microcirculation in sepsis

a grid of 6 lines (dividing the screen image into 16 equal
areas). Further images were assessed using 2 semi-quan-
titative methods described by Boerma and De Backer.>®
The analysis provided information about the proportion
of perfused vessels (PPV), the perfused vessel density
(PVD = PPV x total vessel density (TVD)) and the micro-
vascular flow index (MFI). All of the above variables were
calculated separately for small vessels whose diameter was
less than 20 pm (small vessel MFI — sMFI, small vessel
density — sVD, proportion of perfused small vessels — sPPV,
and perfused small vessel density — sPVD).

Statistical analyses

Statistical analysis was performed using Statistica
v. 13.1 PL (StatSoft Polska, Krakéw, Poland). The distri-
bution of the microcirculatory variables was tested with
the Shapiro—Wilk normality test. Since they showed a non-
normal distribution, data were presented as medians with
interquartile range (IQR) and analyzed with non-para-
metric tests. Differences between groups were tested with
a Kruskal-Wallis analysis of variance (ANOVA) test, which
was followed by a post hoc analysis. Correlation analysis
was assessed using Spearman’s rho correlation coefficient.
A p-value <0.05 was considered statistically significant. All
values were reported as medians unless otherwise stated.

Results

All eleven piglets included in the study developed a sys-
temic inflammatory response syndrome (SIRS) diagnosed
by meeting at least 2 of its criteria — heart rate >90 bpm and

Table 1. Group characteristics demonstrating the number of animals at particular time points, number of animals that developed systemic inflammatory
response syndrome (SIRS), and temperature, heart rate (HR) and white blood cell count (WBC)

Variable e START
1 4
Number of animals 2 4
3 3
1 0
Number of animals with SIRS 2 0
3 0
1 36.0 £0.6
2 36.7 £0.6
3 37.5+0.8
76 +8
77 £13

Temperature [°C]

HR [bpm]

w N

95 £12

1 150 7.4
18.8 £2.7

3 18.6 +4.6

WBC [m/mm?]

10h | 20h | 30h
4 4 3
4 3 3
3 3 0
4 4 3
3 3 3
3 3 -
384415 413205 415206
390 +1.1 41.0+06 419+0.7
393+16 415 +0.7 -
155 +43 142 £28 152 +£3
124 +£15 123 +12 151 £33
158 +47 161 +45 -
13.2+6.7 111443 9.5+45
13.7 £5.1 182 +6.6 99+59
216 +126 224 £33 -

Temperature, HR and WBC are expressed as mean + standard deviation (M +SD). Group 1 - iNO + hydrocortisone; group 2 — placebo; group 3 — no resuscitation.
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Table 2. Baseline microcirculatory variables. Initially, there were no differences in TVD, sTVD, PVD, sPVD, PPV, sPPV, MFI, sMFI, and the De Backer score

between the groups (p > 0.05)

Variable

TVD [mm/mm?] 174 (16.8-19.0)
sVD [mm/mm?] 0(14.7-18.5)
PVD [mm/mm?] 5(13.7-16.9)
sPVD [mm/mm?] 0(12.8-15.8)
PPV [9%] 91 (78-98)
SPPV [%] 92 (77-98)
MFI 2.9 (24-3.0)
sSMFI 28(23-3.0)
De Backer score 12.0(10.6-13.1)

18.6 (17.4-21.3) 0(16.0-20.3) 0.35
4(16.0-20.0) .7 (15.3-19.5) 0.30
6(154-20.1) 64 (14.1-18.8) 0.19
.5(14.1-19.0) 7(12.6-18.6) 0.18
94 (88-97) 91 (84-94) 048
93 (88-97) 91 (84-94) 0.52
3.0(2.75-3.0) 29(2.7-3.0) 0.86
3.0(2.6-3.0) 3.0(2.6-3.0) 0.70

124 (11.1-13.6) 11.8(10.9-134) 0.66

Group 1-iNO + hydrocortisone; group 2 — placebo; group 3 — no resuscitation. TVD - total vessel density; sVD — small vessel density; PVD — perfused vessel
density; sPVD - perfused small vessel density; PPV — proportion of perfused vessels; sPPV — proportion of perfused small vessels; MFI — microvascular flow

index; sMFI — small vessel MFI; iNO — inhaled nitric oxide.

temperature >38°C (Table 1).*! There were no differences
between the 3 studied groups in the initial microcircula-
tory parameters (Table 2).

iNO and hydrocortisone

The 30-hour analysis of groups 1 and 2 showed no
influence of iNO and hydrocortisone on microvascu-
lar bed perfusion. In both groups, the microcirculation
generally deteriorated (Fig. 2). Microvascular flow im-
pairment after 30 h was expressed by a statistically sig-
nificant drop in the MFI (from 2.9 to 2.6 in group 1, and
from 3.0 to 2.3 in group 2; p < 0.05), sMFI (from 2.8 to 2.5
in group 1, and from 3.0 to 2.3 in group 2; p < 0.05), PVD
(from 15.5 mm/mm? to 12.8 mm/mm? in group 1, and from
17.6 mm/mm? to 15.3 mm/mm? in group 2; p < 0.05), sSPVD
(from 14.0 mm/mm? to 12.1 mm/mm? in group 1, and from
16.5 mm/mm? to 13.6 mm/mm? in group 2; p < 0.05), PPV
(from 78% to 52% in group 1, and from 88% to 65% in group 2;
p < 0.05), and sPPV (from 92% to 80% in group 1, and from
93% to 85% in group 2; p < 0.05). There were no statisti-
cally significant differences in capillary perfusion between
groups 1 and 2 after 30 h (Fig. 2).

Hemodynamic resuscitation

All piglets from group 3 died prematurely (after 12 h,
23 h and 23.5 h). For this reason, the complete analysis
of all groups after 30 h could not be conducted, and it was
performed 20 h after the laparotomy.

In group 3, the perfusion deteriorated to a significantly
greater extent than in the other groups after 20 h of ob-
servation (Fig. 2). The median MFI was equal to 3 and
2.8 in groups 1 and 2, respectively, compared to 1.9
in group 3 (p < 0.05), the median PPV reached 94%, 87%
and 63% in groups 1, 2 and 3, respectively (p < 0.05), and
the median PVD was 15.2 mm/mm?, 15.09 mm/mm? and
10.1 mm/mm? in groups 1, 2 and 3, respectively (p < 0.05).

Similar results were observed during small vessel analysis:
the median sMFI reached 3.0 and 2.6 in groups 1 and 2, and
1.4in group 3 (p < 0.05), the median sPPV was equal to 85%,
88% and 59% in groups 1, 2 and 3, respectively (p < 0.05),
and the median sPVD at 20 h reached 13.9 mm/mm?,
14.2 mm/mm? and 9.0 mm/mm? in groups 1, 2 and 3,
respectively (p < 0.05). There were no significant inter-
group differences in the TVD, sVD and the De Backer
score at 20 h (Table 3).

Microvascular flow compared with
systemic flow

Throughout the study, the only consistent correlations be-
tween microvascular flow and systemic flow were observed
in group 3 (Table 4). Impairment of microvascular flow (ex-
pressed by changes in MFI and sMFI) correlated with MAP,
SAP, DAP, and SVRIwith p < 0.05 in all cases. None of these
parameters depended on CO, CI, PCWP, MPAP, and SPAP.
Nevertheless, they were inversely related to HR and DPAP.

Markers of organ function

In terms of the laboratory tests, only in group 3 was
capillary perfusion deterioration related to a decrease
in pH, base excess (BE) and urine output, and an increase
in creatinine, urea and AST (with p < 0.05 for all the above
variables; Table 5).

Discussion

Flow impairment and heterogeneity are the main pa-
thologies accounting for microcirculatory derangements
in sepsis. Endothelial dysregulation, arteriolar constric-
tion, increased leukocyte and platelet adhesion, and
the heterogeneous expression of inducible NO synthase
cease the flow in some capillaries and reduces functional
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Fig. 2. Time course of microcirculatory variables in the studied groups. At 20 h of observation, significant difference (¥) was seen between the groups, with
a marked decrease in the microvascular flow index (MFI) (A), small vessel MFI (sMFI) (B), proportion of perfused vessels (PPV) (C), proportion of perfused
small vessels (sPPV) (D), perfused vessel density (PVD) (E), and perfused small vessel density (sPVD) (F) in group 3 (p < 0.05). The piglets from this group died
before the final endpoint (30 h). The analysis of the survivors from groups 1 and 2 showed no difference in MFI, sSMFI, PPV, sPPV, PVD, and sPVD between
these groups. Microcirculatory variables are presented as medians (257-75" percentiles)

Group 1 —inhaled nitric oxide (iNO) + hydrocortisone; group 2 — placebo; group 3 - no resuscitation.

capillary density.” The restoration of flow in closed cap-
illaries by NO, a strong vasodilator, can improve tissue
oxygenation and the elimination of anaerobic metabolism
products. Trzeciak et al. found no effect of iNO on micro-
circulatory flow in adult patients with sepsis.*> However,
iNO application was delayed and was commenced after

initial macrocirculatory resuscitation. He et al. created
an ovine model of peritonitis and applied tetrahydrobi-
opterin (BH4, an intravenous NO donor) shortly after
the injection of feces into the abdominal cavity, an event
triggering sepsis.?® In their study, BH4 improved micro-
vascular flow, kidney perfusion and urine production, and
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Table 3. Table demonstrating changes in TVD, sVD and De Backer scores over time. At all time points, there were no significant differences in the above
variables between studied groups (p > 0.05). The TVD, sVD and De Backer scores did not change over time

TVD
iNO+hydrocortisone 174 (16.8-19.0) 16.3 (15.7-18.4) 17.0(13.4-19.1)
Control 18.6 (17.4-213) 0.35 186 (154-19.7) 0.33 184 (16.6-21.0) 0.08
No treatment 18.0 (16.0-20.3) 17.3(14.3-19.0) -

sVD
iNO+hydrocortisone 16.0 (14.7-18.5) 15.5(14.6-164) 16.5(11.9-17.4)
Control 17.4 (16.0-19.9) 0.30 15.8 (14.3-17.3) 047 16.9 (14.8-19.5) 0.09
No treatment 16.7 (15.3-19.5) 15.3(13.2-17.6) -

De Backer score

iNO+hydrocortisone 12.0 (10.5-13.1) 11.0 (9.7-12.8) 11.3(94-144)
Control 124 (10.8-13.6) 0.66 11.2 (9.1-13.5) 0.74 12.7 (11.3-13.7) 0.78
No treatment 11.8(10.8-13.4) 116 (10.5-13.4) -

Data are presented as medians (25175 percentiles). Group 1 —iNO + hydrocortisone; group 2 — placebo; group 3 - no resuscitation. iNO - inhaled nitric

oxide; TVD - total vessel density; sVD — small vessel density.

Table 4. Spearman’s rho correlation coefficients between MFI and sMFI and hemodynamic parameters (HR, MAP, SAP, DAP, and SVRI). All correlations were

statistically significant with a p-value <0.05

Flow index

MFI -0.54
SMFI -0.62

0.57 0.49 061 0.46
0.63 0.55 0.68 0.54

MFI = microvascular flow index; sSMFI — small vessel MFI (sMFI); HR — heart rate; MAP — mean arterial pressure; SAP — systolic arterial pressure; DAP — diastolic

arterial pressure; SVRI — systemic vascular resistance index.

Table 5. Spearman'’s rho correlation coefficients between MFI and sMFI and pH, HCOs?, BE, diuresis, creatinine, urea, AST, lymphocytes, monocytes, and

granulocytes. All correlations were statistically significant with a p-value <0.05

Flow index | pH |HCO32’| BE |Urineoutput Creatinine| Urea | AST | Lymphocytes

MFI 0.54 0.66 0.63 -046
sMFI 0.52 0.66 0.66 -0.51

-048
-0.52

Monocytes Granulocytes
—048 044 —049 0.56 049
-0.52 -0.50 -0.53 0.52 0.53

MFI — microvascular flow index; sSMFI — small vessel MFI (sMFI); BE — base excess; AST — aspartate transaminase.

postponed the death of the treated animals. In our study,
we found no effect of iNO in conjunction with hydrocor-
tisone on the PPV, perfused capillary density and the MFI,
even though iNO was started shortly after laparotomy.
We hypothesize that no influence of the administered iNO
on capillary recruitment and perfusion can be explained
by the restricted access to closed vessels.

We observed that microcirculatory variables changed
more profoundly in piglets not resuscitated with fluids
and noradrenaline, with a statistically greater decrease
in the MFI, sMFI, PPV, sPPV, PVD, and sPVD than in other
groups. Only in this group was capillary flow strongly
related to changes in hemodynamic indices during septic
shock — MAP, SAP, DAP, SVRI, and HR. In groups re-
ceiving fluids and noradrenaline, hemodynamic variables
were stabilized but these changes did not lead to microcir-
culatory flow normalization. This observation supports
the theory that resuscitation of systemic flow does not
resuscitate microcirculation to the same degree as the sys-
temic circulation. Capillary flow impairment remains but

progresses at a slower pace. The discrepancies between
hemodynamics and microcirculatory variables have been
described by other authors.>>%* According to De Backer
et al.,, microcirculatory derangements may precede sys-
temic hemodynamic compromise and the relation between
hemodynamic and microcirculatory indices may be loose.”
Still, changes in CO and MAP may influence capillary per-
fusion.® In a single-center prospective observational study,
De Backer showed that when sepsis develops at the early
stages of resuscitation, hemodynamic measurements are
related to microvascular flow indices, and this correla-
tion disappears in later stages.® In human research, ob-
servations are limited to septic and resuscitated groups
and are usually compared to healthy control groups. For
obvious reasons, a control non-resuscitated group cannot
be permitted. It is possible that for this reason, no associa-
tions between systemic hemodynamic and capillary flow
indices have been observed during the advanced stages
of sepsis. This correlation only exists when sepsis proceeds
undisturbed. Perhaps the search for a direct relationship
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between the indicators of micro- and macrocirculation
is on the wrong track. At an early stage of the therapeutic
process and treatment optimization, global hemodynamics
improvement does not lead to immediate microcirculatory
normalization. The fact that microcirculation and systemic
circulation are not coherent in resuscitated patients does
not mean that hemodynamic resuscitation is not effective
in terms of capillary perfusion resuscitation. As shown
above, microcirculation deteriorated in the resuscitated
groups, but more slowly. This suggests that resuscitation
may buy time necessary for the immune system and antibi-
otics to overcome the infection. This observation suggests
that the management of sepsis should first concentrate
on the monitoring and stabilization of the systemic circu-
lation and — at later stages — on the evaluation and resus-
citation of the microcirculation.® Unfortunately, we have
not yet found an answer to how to resuscitate the micro-
circulation, and we still do not have therapeutic options
to restore the microcirculation. Fluids and vasopressors
are an exception and may have impact on the microcir-
culation. They increase the pressure differences between
arterioles and venules, reduce viscosity, and potentially
influence the impact of the endothelium on the morphotic
elements of blood.?? These effects seem to be limited
to the early stages of sepsis, as at later stages, endothelial
dysfunction and leakage evolve.

In the non-resuscitated group, microcirculatory param-
eters were significantly related to the progress of acidosis
and renal failure, as well as increases in AST, lymphocytes,
granulocytes, and monocytes. This correlation was not ob-
served in the resuscitated groups, where acidosis and organ
dysfunction did not proceed as fast as in the non-treated
group. In group 3, the combination of capillary perfusion
deterioration and the related metabolic acidosis supports
the theory that severe microcirculatory derangement plays
an important role in anaerobic metabolism during sepsis.
Unfortunately, for technical reasons, lactate was not moni-
tored during the study, and important information about
anaerobic metabolism was lacking.

In our study, the TVD, sVD and De Backer score did
not follow any certain pattern and their changes over
time were not statistically significant. This observation
does not support the results presented by Massey et al.
in the ProCESS trial.*® In the above study, the TVD, PVD
and De Backer scores appeared to be strongly associated
with outcomes in septic patients. However, their prognostic
value appeared to be significant after 72 h of observation.
The observed difference in TVD and De Backer score val-
ues might result from a shorter time of observation.

Limitations

This study has several limitations. Apart from the small
sample size and lack of lactate levels, our observations
of microcirculatory alterations were limited to the sub-
lingual area. The sublingual mucosa and the digestive

M. Grotowska et al. Effects of iNO on microcirculation in sepsis

mucosa have the same embryologic origin and changes
in their capnometry correlate quite well, showing similar
alterations.!34%47 Capillary perfusion in the sublingual
area seems to reflect the flow in the splanchnic mucosa
and is easily accessible. Nevertheless, SDF does not al-
low the direct in vivo observation of the microcirculation
in vital organs.

Moreover, in our study, we used healthy young pigs. Hu-
man sepsis is associated with elderly age and comorbidi-
ties. For this reason, the studied group did not reflect all
conditions precisely. We chose a porcine model of sepsis
as there are many similarities in the immune response
between pigs and humans.*®4 Nevertheless, in our pi-
lot studies, we found out that small colon perforation
rarely leads to sepsis and multiorgan failure. To increase
the probability of provoking sepsis in the animals, we de-
cided to use a model utilizing a larger incision and fecal
deposit in the abdomen.

Conclusions

In our study, crystalloid iNO with intravenous hydrocor-
tisone did not improve microvascular perfusion in septic
pigs, whereas crystalloid and vasopressor treatment post-
poned microvascular flow impairment.

Supplementary data

Supplementary tables are available at https://doi.org/
10.5281/zenodo.7334314. The package contains the fol-
lowing files:

Supplementary Table 1. Time course of hemodynamic
variables in groups 1, 2 and 3.

Supplementary Table 2. Time course of organ/metabolic
function markers in groups 1, 2 and 3.
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Abstract

Background. Transmembrane P24 trafficking protein 5 (TMEDS) is highly expressed in cervical and blad-
der cancer cell lines. Moreover, TMEDS promotes nuclear autophagy and the malignant behavior of cervical
cancer cells. However, the role of TMEDS in hepatocellular carcinoma (HCC) has not been extensively reported.

Objectives. To investigate the role of TMEDS in HCC cells.

Materials and methods. Bioinformatics was used to analyze the messenger-ribonucleic acid (mRNA)
expression of IMEDS in HCC and its relationship with overall survival and disease-free interval of HCC patients.
After TMEDS was decreased in SMMC-7721 and Hep3B cells, they were assayed for proliferation, cell cycle,
apoptosis, migration, and invasion.

Results. The expression of TMED5 mRNA in HCC tissues was higher than in adjacent normal tissues, and
the overall survival of HCC patients with high TMEDS transcription levels was worse. Moreover, the overexpres-
sion of TMEDS was associated with HCC progression. The downregulation of TMEDS suppressed cell prolifera-
tion, migration and invasion, and enhanced apoptosis. Therefore, TMED5 may be involved in the requlation
of the cell cycle, the mammalian target of rapamycin signaling pathway, and the transforming growth factor
beta (TGF-p) signaling pathway.

Conclusions. The TMEDS has the potential to promote HCC progression. Therefore, lowering TMEDS levels
could represent a potential strategy for the treatment of HCC.
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Background

Hepatocellular carcinoma (HCC) is the most common
form of liver cancer.! There are more than 700,000 new cases
of HCC reported annually worldwide, which accounts for
9.2% of all new cancer cases, and more than 600,000 HCC
patients die globally each year.! However, the early symp-
toms of HCC are not obvious.>? In this regard, the develop-
ment of biomarkers that can be used for the early diagnosis
of HCC is essential to improve the survival rate of HCC
patients. Although biomarkers, such as alpha-fetoprotein
(AFP), have been identified and used for clinical diagnosis,
there is still a need to improve their specificity and sensitiv-
ity.* Despite efforts to understand the molecular mecha-
nisms that regulate the occurrence and development of HCC
in recent decades,’ these mechanisms remain unclear.

Transmembrane P24 trafficking protein 5 (TMED5), also
known as p28, is a newly discovered member of the y sub-
family of p24 membrane proteins.® It is located in the endo-
plasmic reticulum, Golgi intermediate compartment and
the cis-Golgi apparatus, and is involved in vesicle-mediated
protein transport.® It has been shown that the upregulation
of TMEDS5 promotes nuclear autophagy and the malignant
behavior of cervical cancer cells.” In addition, TMED5 was
found to be significantly overexpressed in the SCaBER cell
line.® These findings suggest that TMEDS5 is a potential
target for certain types of cancer. However, little is known
about the role of TMED5 in HCC.

Objectives

In this study, preliminary investigations into the role
of TMEDS5 in HCC were conducted using bioinformatics
analysis. The role of TMED?5 in the proliferation, apoptosis,
migration, and invasion of HCC cells was then explored
using in vitro experiments.

Materials and methods
Bioinformatic analysis

Genes that are differentially expressed between HCC tis-
sues and adjacent normal tissues from The Cancer Genome
Atlas (TCGA; https://portal.gdc.cancer.gov/) were identi-
fied using the R package edgeR v. 3.30.3 (R Foundation for
Statistical Computing, Vienna, Austria). A volcano map
was then drawn with p < 0.05 and |log2 (fold change)| > 1
set as the threshold. The TMED5 messenger ribonucleic
acid (mRNA) levels in paired and unpaired HCC tissues,
and adjacent normal tissues, were retrieved from TCGA
or Gene Expression Omnibus (https://www.ncbi.nlm.nih.
gov/geo/) (GSE84005) and analyzed using the R package
edgeR. The distinct expression of TMED5 was analyzed
in 33 types of cancer retrieved from TCGA.
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Hepatocellular carcinoma patients were divided into
high- and low-expression groups based on the median
value of their TMED?5 levels. The overall survival (OS)
and disease-free interval (DFI) were then calculated using
the R package survminer v. 0.4.8 (R Foundation for Statisti-
cal Computing, Vienna, Austria), and the Kaplan—Meier
survival curve was drawn. The TMED5 was combined
with the tumor-node-metastasis (TNM) stage to construct
a nomogram model, and a calibration curve was drawn
to assess the accuracy of the model.

The clinical data of HCC patients extracted from TCGA
were used for univariate and multivariate Cox proportional
hazard regression.” Cancer-related pathways associated with
TMEDS levels in HCC were then used for gene set enrich-
ment analysis (GSEA) using GSEA v. 4.0.0 software (Broad
Institute and University of California San Diego, USA).

Cell culture and transfection

The L-02, Hep3B, HepG2, SMMC-7721, and Huh?7 cells
(catalog No. IM-H289, IM-H367, IM-H038, IM-H047, and
IM-H040, respectively; IMMOCELL, Xiamen, China) were
cultured in Dulbecco’s modified Eagle’s medium (catalog
No. D0819; Sigma-Aldrich, St. Louis, USA), supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 U/mL streptomycin (Gibco, Detroit, USA) at 37°C.

Three small interfering RNAs (siRNAs) targeting TMED5
were designed (Table 1) and obtained from Huzhou Hippo
Biotechnology Co., LTD (HIPPOBIO; Huzhou, China).
In total, 1x10° cells/well were seeded into 6-well plates.
Then, siRNAs were transfected into cells using Lipo-
fectamine 2000 (catalog No. 11668027; Invitrogen, Carls-
bad, USA) at 100 pmol per well. Cells were collected for cell
proliferation, apoptosis, migration, and invasion assays,
as well as for western blotting analysis and quantitative
polymerase chain reaction (qQPCR) 48 h after transfection.

Table 1. The sequence of small interfering RNAs (siRNAs)
of transmembrane P24 trafficking protein (TMED5)

Sequence 5-3'

SITMEDS-1 AGAUGGAGUUCACACUGUAGATT
SITMEDS5-2 GAAGAUUGGAAGAAAUAUAUUTT
SITMEDS5-3 GAAACAUACAAGAAAGCAACUTT

Cell proliferation assays

To detect the effects of TMEDS knockdown on cell pro-
liferation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), cell cycle and colony formation
assays were used. After treatment with siRNAs, SMMC-
7721 and Hep3B cells were inoculated into a 96-well plate
and incubated for 24 h, 48 h or 72 h. At each time point,
20 pL of 5 mg/mL MTT reagent (catalog No. 40201ES72;
Yeasen Biotechnology Co. Ltd., Shanghai, China) was added
to each well of the plate according to the manufacturer’s
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instructions to test cell survival. Then, the absorbance was
measured at 490 nm using a SpectraMax® Absorbance
Reader (Molecular Devices, San Francisco, USA). The data
are presented as the mean + standard deviation (M +SD)
of sextuple wells.

After treatment with siRNAs, SMMC-7721 and Hep3B
cells were seeded into 6-well plates at a density of 5x10?
cells per well to perform the colony formation assay. When
the colonies were visible to the naked eye, they were fixed
with methanol for 15 min and stained with 0.5% crystal
violet (catalog No. 60505ES25; Yeasen Biotechnology Co.
Ltd.) in phosphate-buffered saline (PBS) for 15 min. Finally,
the colonies were imaged and the numbers of colonies were
counted using Image] 1.52v (National Institutes of Health,
Bethesda, USA).

To examine the cell cycle, 1x10° siRNA-treated SMMC-
7721 and Hep3B cells were fixed with pre-cooled 75% etha-
nol at 4°C for 4 h and then incubated with 0.2% Triton X-100
(catalog No. ST797; Beyotime Biotechnology, Shanghai,
China) and 10 pg/mL RNase A (catalog No. ST577; Beyotime
Biotechnology) in PBS at 37°C for 30 min. Next, the cells
were stained with 20 pg/mL propidium iodide (PI) (catalog
No. A211-01; Vazyme, Nanjing, China) and kept in the dark
at 28°C for 30 min. The stained cells were then analyzed
using a NovoCyte 1300 flow cytometer (ACEA Biosciences,
San Diego, USA).

Apoptosis assay

After siRNA treatment, SMMC-7721 and Hep3B cells
were harvested for apoptosis detection, which was per-
formed using an Annexin V-fluorescein isothiocyanate
(FITC)/7-amino-actinomycin D (7-AAD) Apoptosis De-
tection Kit (catalog No. A211-01; Vazyme), according
to the manufacturer’s instructions. Flow cytometry de-
tection was then carried out on the cells (NovoCyte 1300),
and NovoExpress software (Agilent, Santa Clara, USA) was
used to analyze the flow cytometry data.

Cell migration and invasion assay

In total, 3x10° siRNA-treated SMMC-7721 or Hep3B cells
were seeded into the upper chambers of transwell plates
(catalog No. 3422, 8 um aperture; Corning, Glendale, USA),
which were pre-coated with or without 8-fold diluted Matri-
gel™ (catalog No. 356234; BD Biosciences, Sparks, USA)
for invasion or migration assay. Then, 500 uL medium con-
taining 10% FBS was added to the lower chamber. After
24 h of incubation, 0.5% crystal violet (in PBS) was used
to stain the migrated cells and the number of migrated cells
was then counted in 3 random fields using Image]J 1.52v.

Quantitative polymerase chain reaction

Total RNA was extracted from SMMC-7721 and Hep3B
cells after siRNA treatment using the Total RNA Extraction
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Table 2. The primers of quantitative polymerase chain reaction (qPCR)

NCBI reference

Sequence 5-3’

sequence

TMEDS5-F AGAAGGAGTGCTTCTACCAGCC

NM_016040
TMEDS-R CTAAGG GCCTTCTGGAGAG
185-F ACCCGTTGAACCCCATTCGTGA

NR_003286
185-R GCCTCACTAAACCATCCAATCGG
MAPK1-F ACACCAACCTCTCGTACATCGG

NM_002745
MAPKT-R TGGCAGTAGGTCTGGTGCTCAA
CDC14A-F TAGATGGCAGCACACCCAGTGA

NM_033312
CDC14A-R GTCCCTGTTCTTCCAAGACCAG
mTOR-F AGCATCGGATGCTTAGGAGTGG

NM_004958
mTOR-R CAGCCAGTCATCTTTGGAGACC
CDC27-F ACACCTCCTGTAATTGATGTGCC

NM_001256
CDC27-R GGAGTTACCTCTCGGCTATTTCC
ROCK1-F GAAACAGTGTTCCATGCTAGACG

NM_005406
ROCK1-R GCCGCTTATTTGATTCCTGCTCC
CREBBP-F AGTAACGGCACAGCCTCTCAGT

NM_004380
CREBBP-R CCTGTCGATACAGTGCTTCTAGG
CDC7-F GGAAAACTGCCAGTTCTTGCCC

NM_003503
CDC7-R GGCACTTTGTCAAGACCTCTGG
PIK3CA-F GAAGCACCTGAATAGGCAAGTCG

NM_006218
PIK3CA-R GAGCATCCATGAAATCTGGTCGC

F - forward primer; R - reverse primer; TMED5 — transmembrane

P24 trafficking protein; MAPK1 — mitogen-activated protein kinase 1;

CDC - cell division cycle; mTOR — mammalian target of rapamycin;

ROCK1 - Rho-associated coiled-coil containing protein kinase 1;

CREBBP - cyclic adenosine monophosphate response element binding
protein; PIK3CA - phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha; NCBI — National Center for Biotechnology Information.

Reagent (catalog No. R401-01; Vazyme), and was used to syn-
thesize complementary deoxyribonucleic acid (cDNA) using
the HiScript II One-Step reverse transcriptase (RT)-PCR
Kit (catalog No. P611-01; Vazyme). Quantitative polymerase
chain reaction was then performed using the cDNA with
a SYBR® Premix Ex Taq™ II (Takara, Kusatsu, Japan) and
AriaMx Real-Time PCR System (Agilent), as previously de-
scribed.’® The primers for qPCR are listed in Table 2.

Western blotting analysis

Protein extraction from the siRNA-treated SMMC-7721
and Hep3B cells was performed using radioimmunoprecipi-
tation (RIPA) lysis solution (catalog No. P0013C; Beyotime
Biotechnology) containing protease inhibitors (catalog No.
ST505; Beyotime Biotechnology). Total protein concentra-
tion was quantified using a bicinchoninic acid (BCA) pro-
tein concentration determination kit (catalog No. P0012S;
Beyotime Biotechnology). Western blotting was performed
as previously described.!® In brief, equal amounts of total
protein were resolved using 10-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to a polyvinylidene fluoride (PVDF) membrane
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Table 3. The antibodies for western blot analysis

Classification

X. Cheng et al. Silencing TMEDS inhibits cell proliferation

TMEDS5 antibody

Primary antibody
GAPDH antibody
HRP-conjugated goat anti-mouse IgG
Secondary antibody
HRP-conjugated goat anti-rabbit IgG

Manufacturer Catalog No. Dilution rate
Abcam ab254795 1:1000
Proteintech 60004-1-Ig 1:10,000
Proteintech SA00001-1 1:10,000
Proteintech SA00001-2 1:10,000

TMEDS5 - transmembrane P24 trafficking protein; GAPDH - glyceraldehyde-3-phosphate dehydrogenase; HRP — horseradish peroxidase.

(Merck Millipore, Burlington, USA). After incubation with
5% skimmed milk, primary and secondary antibodies were
applied and the membranes were visualized using enhanced
chemiluminescence (ECL) (Thermo Fisher Scientific,
Waltham, USA). The antibodies used are shown in Table 3.

Statistical analyses

All statistical analyses were performed using IBM SPSS
software v. 22.0 (IBM Corp., Armonk, USA). The normal-
ity of data was determined using the Shapiro—Wilk test
or the D’Agostino—Pearson test. The Mann—Whitney
U test was performed for nonparametric data between
the 2 groups. The Wilcoxon matched-pairs signed rank
test was used to compare nonparametric data of matched
samples. One-way analysis of variance (ANOVA), followed
by Tukey’s test, was used to identify the significant differ-
ences among multiple groups. An F-test for equality of vari-
ances was performed to ensure equal variance of the 2 test
groups. The proportionality of the hazard function was
checked based on the Schoenfeld residuals. The Kaplan—
Meier survival analysis was used to evaluate the cumula-
tive survival probability. The Cox proportional hazards
regression models were used to estimate the hazard ratio
of TMED5 and HCC. The Student’s unpaired t-test was
used to compare the differences between the 2 groups for
parametric data. The statistical significance level was set
at p <0.05.

Results

TMEDS is highly expressed
in hepatocellular carcinoma

To investigate the function of TMED5 in HCC, the bio-
informatics analysis was conducted, and it was found that
the transcription of TMEDS5 was higher in the HCC tis-
sues than in the normal tissues (Fig. 1A,B). The analysis
of paired tumor tissues and adjacent normal tissues from
TCGA and Gene Expression Omnibus further indicated
that TMED?5 levels were higher in the tumor tissues than
in the normal tissues (Fig. 1C,D). Intriguingly, TMED5
transcription levels were lower in some tumors (e.g., thy-
roid carcinoma, lung adenocarcinoma, lung squamous
cell carcinoma, and cholangiocarcinoma) while higher
in others (e.g., HCC, cervical squamous cell carcinoma,

endocervical adenocarcinoma, and stomach adenocarci-
noma), suggesting that TMEDS5 plays distinct roles in tu-
mors (Fig. 1E). Thereafter, the expression levels of TMED5
in HCC cell lines were analyzed. Both mRNA and protein
levels of TMEDS5 were higher in HCC Hep3B, HepG2,
SMMC-7721, and Huh7 cell lines than in the normal liver
cells L-02 cells (Fig. 1F,G). Overall, TMED5 was highly
expressed in HCC.

Overexpression of TMED?5 is associated
with HCC progression

According to the optimal OS threshold, the HCC pa-
tients in this study (n = 339) were divided into low and
high TMEDS5 expression groups to study the clinical
significance of TMED5 expression. There were no sig-
nificant differences between the 2 groups in terms of age
(n =339, p =0.1900), gender (n = 339, p = 0.3780), family
history of cancer (n = 339, p = 0.5910), Ishak score (n = 339,
p = 0.7210), histological grade (n = 339, p = 0.5440), liv-
ing status (n = 339, p = 0.0594), disease status (n = 339,
p = 0.2560), or Child-Pugh score (n = 339, p = 0.0878)
(Table 4). In contrast, the overexpression of TMED5 was
closely related to serum AFP (n = 339, p = 0.0030), vas-
cular invasion (n = 339, p = 0.0205), TNM stage (n = 339,
p = 0.0479), and residual tumor (n = 339, p = 0.0085)
(Table 4). These results indicate that TMED?5 is positively
associated with HCC progression.

Early hepatocellular carcinoma patients
exhibiting high TMED5 levels had poor
overall survival and disease-free interval

The Kaplan—Meier survival curve was used to analyze
the relationship between TMEDS5 levels and OS or DFI
in HCC patients. Patients with high TMED5 levels exhib-
ited shorter OS (Fig. 2A). However, the level of TMEDS5 had
no significant effect on patients’ DFI (Fig. 2B). It is worth
noting that among HCC patients in TNM stages I and
II, patients with high TMEDS5 levels had shorter OS and
DFI than patients with low TMED5 levels, whereas for
HCC patients in TNM stages III and IV, the relationship
between TMED5 level and OS and DFI was not signifi-
cant (Fig. 2C—F). These data demonstrate that high levels
of TMEDS5 indicate a poor prognosis for HCC patients
in TNM stages I or II. In addition, the multivariate analysis
showed that TNM stages III (hazard ratio (HR) = 2.1, 95%



Adv Clin Exp Med. 2023;32(6):677-688

681

A B,, . c D
‘ significant s
N o down :
60 30
330 3 = = 110
=1 ! =1 2
c c [=
Ee] Ee] 2
w w 73
=40 2 2 20 @ 105
S 5 . 5 5
= 0 0 0
B g g g
? s < S 100
L F o T =
K
9.5
0 0frceA oICGA . GSE84005
-5 0 5 10 normal (n = 50) tumor (n = 369) normal (n = 50) tumor (n = 50) normal (n =38)  tumor (n = 38)
logFC
E Type E Normal E Tumor F —
o 20
b 1
[ =
. x xxg . . e E% 15 s
g2
. 2310
6 . . -4
oo o s Ex o
: . . 2g s - —
. . S
5 I : gy
g M [} . : . 0 ® s ° . 0 T T T T T
@ ° [} © Q9 9 A
£4 o s * Ny QQ”’Q PO
X -y . R \‘\G
8 L] %é
a -
= I o N
" & g ‘ “ I
. ° . [as] Q
. 3 s ¢ o ', H 4 T T [ T
o o H ! o3 ° . o ° (] s
. : . ,--' TMEDS | e e S G
. N
[} s
01 GAPDH| W S s S
OFTFONOLOTIOLOVRYOVLOL 00N V990D 9AFI,0929>
OO0 U O TN OLLOITTD,5 0K TORSLSLOS
FOEESSTE T EIIIIIE "FELESFECTIFSS

Fig. 1. Transcriptional levels of transmembrane P24 trafficking protein (TMED5) were higher in hepatocellular carcinoma (HCC) tissues than in adjacent
normal tissues. A. Volcano map of gene expression in HCC tissues; B. The difference in TMED5 mRNA levels between HCC tissue (n = 369) and adjacent
normal tissue (n = 50). The Mann-Whitney U test was used to analyze the data; C,D. The difference in TMED5 mRNA levels between HCC tissues and

paired adjacent normal tissues from The Cancer Genome Atlas (TCGA) (C) or Gene Expression Omnibus (GSE84005) (D). The data were analyzed using

the Wilcoxon matched-pairs signed rank test; E. The difference in TMED5S mRNA levels between distinct tumor tissues and corresponding adjacent normal
tissues. The Mann-Whitney U test was used to analyze the data; F,G. Differences in TMED5 mRNA (F) and protein (G) levels between HCC cell lines and
normal liver cell lines. All experiments were repeated independently 3 times. One-way analysis of variance (ANOVA) followed by the Tukey's test was used
for statistical analysis. Box plots indicate the outliers, the maximum, the minimum, the medians, the upper quartile (Q1), and the lower quartile (Q3). Outliers
are defined as values that lie 1.5 times beyond the interquartile range (IQR) above Q3 and below Q1. The maximum is defined as 1.5 times the IQR above Q3.

The minimum is defined as 1.5 times the IQR below Q1

* D < 0,05 ** p < 0.01; ** p < 0.001; **** p < 0.0001.

confidence interval (95% CI) = 1.23-3.6, p = 0.0060) and
IV (HR = 5.64, 95% CI = 1.73-18.43, p = 0.0040) could be
considered as independent prognostic indicators of OS,
whereas the TMEDS5 level was not an independent prog-
nostic indicator of OS (Table 5).

The nomogram and calibration curve
revealed the prognostic value of TMED5
in HCC patients

To explore the prognostic value of TMED?5 levels in HCC
patients, TMED5 mRNA levels and TNM stage were com-
bined to plot nomograms. The nomogram and calibration

curve showed excellent consistency between predicted
postoperative survival rates (1-, 3- and 5-year OS and

DFI) and observed survival rates (1-, 3- and 5-year OS
and DFIL Fig. 3). The C-indices for predicting OS and DFI
were 0.6173 (95% CI: 0.5887-0.6458) and 0.6403 (95% CI:
0.6137-0.6668), respectively.

Downregulation of TMEDS5 expression
inhibited cell proliferation, migration and
invasion, and enhanced apoptosis

To verify the role of TMED5 in HCC, the effect
of TMED5 on HCC cell proliferation, apoptosis, mi-
gration, and invasion of SMMC-7721 and Hep3B cells
was investigated, as they expressed the highest levels
of TMEDS5. Three siRNAs of TMEDS5, namely siTMED5-1,
siTMED5-2 and siTMEDS5-3, were designed. Quantitaive
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Table 4. Relationship between transmembrane P24 trafficking protein (TMED5) expression and the clinical parameters of patients with hepatocellular

carcinoma (HCC)

Characteristics

Total (n =339)

Age [years] <65 208 (61.4%)

gety 265 131 (38.6%)

male 231 (68.1%)

Gender fernale 108 (31.9%)

I no 196 (57.8%)

(F)?cr:;'r{c:':tory yes 98 (28.9%)

unknown 45 (13.3%)

I 170 (50.1%)

Il 84 (24.8%)

TNM stage I 81 (23.9%)
I\ 4 (1.2%)

G1-G2 212 (62.5%)

Histologic grade G3-G4 125 (36.9%)
unknown 2 (0.6%)

0-4 124 (36.6%)

Ishak score 5-6 74 (21.8%)

unknown 141 (41.6%)
A 207 (61.1%)
Child-Pugh score B-C 21 (6.2%)
unknown 111 (32.7%)
none 193 (56.9%)
Vascular invasion micro 84 (24.8%)
macro 14 (4.1%)
unknown 48 (14.2%)
negative 143 (42.2%)
Alpha fetoprotein positive 120 (35.4%)
unknown 76 (22.4%)
RO 301 (88.8%)
Residual tumor R1-R2 12 (3.5%)
unknown 26 (7.7%)
o alive 224 (66.1%)
Living status dead 115 (33.9%)
no 163 (48.1%)
Disease status yes 132 (38.9%)
unknown 44 (13.0%)

TMED5 expression
High (n =217) (KIAGERPY))
127 (58.5%) 81 (66.4%)
90 (41.5%) 82 (66.4%) 0.1900
152 (70.0%) 79 (64.8%)
65 (30.0%) 43(352%) 03780
121 (55.8%) 75 (61.5%)
66 (30.4%) 2 (26.2%) 0.5910
30 (13.8%) 5 (12.3%)
100 (46.1%) 0 (57.4%)
57 (26.3%) 7 (22.1%)
59 (27.29%) 2 (18.0%) 00479
1(0.5%) 3 (2.5%)
134 (61.8%) 78 (63.9%)
81 (37.3%) 44 (36.1%) 0.5440
2 (0.9%) 0 (0%)
76 (35.0%) 48 (39.3%)
48 (22.1%) 6 (21.3%) 0.7210
93 (42.9%) 48 (39.3%)
123 (56.7%) 84 (68.9%)
15 (6.9%) 6 (4.9%) 0.0878
79 (36.4%) 32 (26.2%)
120 (55.3%) 73 (59.8%)
48 (22.1%) 36 (29.5%)
9.(41%) 5 41%) 00205
40 (18.4%) 8 (6.6%)
91 (41.9%) 52 (42.6%)
66 (30.4%) 4 (44.3%) 0.0030
60 (27.6%) 6 (13.1%)
189 (87.1%) 2 (91.8%)
5 (2.3%) 7 (5.7%) 0.0085
23 (10.6%) 3 (2.5%)
135 (62.2%) 89 (73.0%)
82 (37.8%) 33 (27.0%) 00594
98 (45.2%) 5 (53.3%)
87 (40.1%) (36 9%) 0.2560
32 (14.7%) 2 (9.8%)

2y’ test; TNM — tumor-node-metastasis.

polymerase chain reaction and western blotting analysis
showed that siTMED5-3 had the best knockdown effi-
ciency (Fig. 4A,B).

The results of the MTT assay indicated that TMEDS5
silencing significantly inhibited cell viability (n = 3,
p < 0.0001; Fig. 4C). At the same time, cell cycle analysis
revealed that TMEDS silencing induced Gy/G;-phase ar-
rest. Indeed, the percentage of cells in the G¢/G; phase
increased from 28.387 +0.830% to 42.363 +1.699% (n = 3,
p = 0.0002), and from 25.963 +1.930% to 39.217 +1.522%
(n = 3, p =0.0007), for SMMC-7721 and Hep3B cells,
respectively (Fig. 4D). Moreover, TMEDS silencing sup-
pressed colony formation, as the number of colonies
was reduced from 336.000 +15.000 to 138.667 +16.653
(n = 3, p = 0.0001) for SMMC-7721 cells, and from
127.667 £15.631 to 46.000 +9.539 (n = 3, p = 0.0015) for
Hep3B cells (Fig. 4E).

The TMEDS silencing significantly increased the per-
centage of apoptotic cells (5.433 +0.905% compared
t0 14.650 £1.760%, p = 0.0013, for SMMC-7721;6.550 +0.462%
compared to 14.127 +2.865%, n = 3, p = 0.0106, for Hep3B;
Fig. 4F). Finally, the effect of TMEDS5 on cell migration was
investigated. As shown in Fig. 5A,B, the TMEDS silencing
reduced the number of migrated SMMC-7721 cells from
547.000 +12.728 to 330.000 +11.518 (n = 4, p < 0.0001), and
the number of migrated Hep3B cells from 426.500 +14.201
to 225.750 £16.741 (n = 4, p < 0.0001). Moreover, the num-
ber of invasive cells was reduced from 138.750 £15.903
to 62.500 £10.970 (n = 4, p = 0.0002) for SMMC-7721
cells, and from 132.750 +17.443 to 47.750 +7.588 (n = 4,
p = 0.0001) for Hep3B cells (Fig. 5C,D). Taken together,
these findings imply that TMEDS is involved in the pro-
liferation, apoptosis and metastasis of HCC cells.
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Fig. 2. Correlation between transmembrane P24 trafficking protein (TMEDS) levels and overall survival (OS) and disease-free interval (DFI) in hepatocellular
carcinoma (HCC) patients. A,B. The correlation between TMEDS levels and OS (A) or DFI (B) in all HCC patients was analyzed using the Kaplan—-Meier (KM)
curve; C,D. The correlation between TMED5 levels and OS (C) or DFI (D) in HCC patients at tumor-node-metastasis (TNM) stage | and Il was analyzed using
the KM curve; E,F. The correlation between TMED5 levels and OS (E) or DFI (F) in HCC patients at TNM stage | and Il was analyzed using the KM curve.

The log-rank test was used for statistical analysis.

HR - hazard ratio.
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Fig. 3. Nomogram and calibration curve for hepatocellular carcinoma (HCC) patients to predict overall survival (OS) and disease-free interval (DFI).
A,B.The 1-, 3- and 5-year OS in HCC patients predicted using nomogram (A) and calibration curve (B); C,D. The 1-year, 3-year, and 5-year DFl in HCC patients
predicted using nomogram (C) and calibration curve (D)

TMEDS - transmembrane P24 trafficking

protein.

Table 5. Cox proportional hazards regression model analysis of overall survival

Variables

Univariate analysis

HR (95% Cl)

p-value

Multivariate analysis

HR (95% Cl) p-value

Age (=65 years vs. <65 years)
Gender (female vs. male)

Family history of cancer (yes vs. no)
TNM stage (Il vs. 1)

TNM stage (lll vs. )

TNM stage (IV vs. 1)

Histologic grade (G3-G4 vs. G1-G2)
Ishak score (5-6 vs. 0-4)
Child-Pugh score (B-C vs. A)
Vascular invasion (micro vs. none)
Vascular invasion (macro vs. none)
Alpha fetoprotein (positive vs. negative)
Residual tumor (R1-R2 vs. RO)
TMEDS (high vs. low)

1.23 (0.85-1.78)
1.26 (0.87-1.84)
1.14 (0.76-1.69)
142 (0.87-2.32)
2.72(1.78-4.15)
544 (1.68-17.63)
1.14 (0.78-1.67)
0.87 (0.5-1.5)
1.66 (0.82-3.36)
1.16 (0.72-1.88)
2.52(1.14-5.58)
1.45(0.92-2.28)
1.17 (043-3.2)
1.1 (0.85-1.43)

0.273
0.228
0.530
0.160
<0.001
0.005
0.489
0612
0.159
0.539
0.023
0.108
0.754
0472

1.22 (0.65-2.29) 0.5360
2.1 (1.23-3.6) 0.0060
5.64(1.73-1843) 0.0040
1.02 (0.59-1.79) 0.9360
2 (0.88-4.56) 0.0990

Proportionality of hazard function was checked based on the Schoenfeld residuals. HR — hazard ratio; 95% Cl — 95% confidence interval; TNM - tumor-

node-metastasis.
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Fig. 4. Downregulation of transmembrane P24 trafficking protein (TMED5) inhibited cell proliferation and enhanced apoptosis. A. Quantitative polymerase
chain reaction (gPCR) was used to detect the effect of siTMED5-1-, siTMED5-2- and siTMED5-3-mediated knockdown of TMEDS in cells; B. Western blotting
was used to detect the effect of SITMED5-1-, siTMED5-2- and siTMED5-3-mediated knockdown of TMEDS in cells; C. MTT assay was used to detect the effect
of the knockdown of TMEDS on cell proliferation; D. The effect of TMEDS downregulation on the cell cycle was determined; E. The effect of TMEDS

on colony formation was examined using a colony formation assay; F. Annexin V-fluorescein isothiocyanate (FITC) and 7-aminoactinomycin D (7-AAD)
staining was used to detect the effect of TMEDS5 on apoptosis. One-way analysis of variance (ANOVA) followed by the Tukey's test (A), and the Student'’s
unpaired t-test (C-F) were used for statistical analysis. Box plots indicate the medians, the upper quartile (Q1) and the lower quartile (Q3). All experiments

were repeated independently 3 times.

*p <0.05 ** p <0.01;*** p < 0.001; **** p < 0.0001; SiRNA — small interfering ribonucleic acid; siRNA NC — negative control of siTMEDS.

TMEDS levels positively correlated with
the cell cycle, the mammalian target

of rapamycin signaling pathway and
the TGF-f3 signaling pathway

To explore the potential biological function of TMED5
upregulation in HCC, GSEA was performed. This high-
lighted significant enrichment of the cell cycle, the mam-
malian target of rapamycin (nTOR) signaling pathway and
the transforming growth factor beta (TGF-p) signaling

pathway (Fig. 6A,B). Moreover, genes co-expressed with
TMEDS5 in HCC samples with complete mRNA and se-
quencing data were evaluated and validated by silencing
TMEDS in SMMC-7721 and Hep3B cells. The TMEDS
silencing resulted in a decrease in both mRNA and pro-
tein levels of ras homolog enriched in brain (RHEB), cell
division cycle 14A (CDCI14A), structural maintenance
of chromosomes 1A (SMC1A), cell division cycle 27
(CDC27), mitogen-activated protein kinase 1 (MAPK1),
mTOR, ribosomal protein S6 kinase A3 (RPS6KA3),
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“SiRNA NC SiTMED5

SMMC-7721

Hep3B

SIRNA NC SITMED5

SMMC-7721

Hep3B

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA), stromal antigen 2 (STAG2), zinc
finger FYVE domain containing 16 (ZFYVEI6), origin rec-
ognition complex subunit 1 (ORC1), cyclic adenosine mo-
nophosphate response element binding protein (CREBBP),
cell division cycle 7 (CDC?7), cullin 1 (CUL1), Rho-asso-
ciated coiled-coil containing protein kinase 1 (ROCK1),
and zinc finger FYVE domain containing 9 (ZFYVE9), all
of which are associated with the cell cycle, mTOR signaling
or TGF-f signaling (Fig. 6C,D).11-26

Discussion

Effective early diagnosis is essential to improve
the survival rate of HCC patients.* Some genes are use-
ful in the diagnosis and treatment of HCC, including
AFP, heat shock protein (HSP), glypican-3 (GPC-3), Golgi
protein 73 (GP73), Des-y-carboxy prothrombin (DCP),
y-glutamyl transferase (GGT), TGF-f31, vascular endo-
thelial growth factor (VEGF), microRNA-21 (miRNA-21),
miRNA-29, miRNA-199, and miRNA-500.%%728 However,
it is still necessary to further understand the occurrence
of, and mechanisms underlying, the development of HCC

migrated cells per field

invasive cells per field

Fig. 5. Downregulation

of transmembrane P24
trafficking protein (TMED5)
suppressed cell migration

and invasion. A. Transwell
analysis was used to examine
the effect of TMEDS on cellular
migration; B. Statistical histogram
of migrated cells per field;

C. Transwell analysis was used
to examine the effect of TMED5
on invasion; D. Statistical

E histogram of invasive cells per
field. Student’s unpaired t-test
(B,D) was used for statistical
analysis. Box plots indicate

the medians, the upper quartile
(Q1) and the lower quartile (Q3).
All experiments were repeated
independently 4 times
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to improve its diagnosis and treatment. In this study,
it was found that high transcriptional levels of TMED5
in HCC tissues were associated with poor OS in patients,
suggesting that TMED?5 is involved in HCC progression.

The Golgi apparatus, which is an essential organelle for
protein transport and secretion, plays an important role
in cellular life.?° Also, there are many pro-apoptotic factors
and mitosis-related molecules in the Golgi membrane.?
Several stimuli that promote cell death cause fragmenta-
tion of the Golgi apparatus and the subsequent induction
of apoptosis and autophagy.?’ Therefore, Golgi function
has a fundamental impact on the survival of cancer cells,?
which indicates that the Golgi apparatus is a potential tar-
get for anticancer therapies. The TMEDS is a component
of the Golgi apparatus essential for its maintenance and
acts in the early stages of the secretory pathway.® How-
ever, studies investigating the role of TMEDS5 in cancer are
limited. Yang et al. revealed that TMED5 was upregulated
in cervical cancer cells and promoted nuclear autophagy
and malignant behavior,” suggesting that TMED5 may
play an important role in the progression of cancer. In this
study, TMEDS5 promoted proliferation and metastasis but
suppressed apoptosis in HCC cells, indicating that TMEDS
serves as an oncogene in HCC. Nevertheless, the molecular
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Fig. 6. Transmembrane P24 trafficking protein (TMEDS5) was positively correlated with the cell cycle, the mammalian target of rapamycin (mTOR)
signaling pathway and the tumor growth factor beta (TGF-) signaling pathway. A. The activation gene sets related to the cell cycle, mTOR signaling
pathway and TGF-{ signaling pathway are shown in the gene set enrichment analysis (GSEA) enrichment curve; B. The correlation between

the expression of genes related to the cell cycle, mTOR signaling pathway and TGF-{3 signaling pathway, and the expression of TMEDS in HCC; C,D.

The expression of CDC14A, CDC27, MAPK1, mTOR, PIK3CA, CREBBP, CDC7, and ROCK1 after TMEDS silencing in SMMC7721 and Hep3B cells. Mann-
Whitney U test (B) and Student’s unpaired t-test (C) were used for statistical analysis. Box plots indicate the outliers, the maximum, the minimum,

the medians, the upper quartile (Q1), and the lower quartile (Q3). Outliers are defined as values that lie 1.5 times beyond the interquartile range (IQR)
above Q3 and below Q1. The maximum is defined as 1.5 times the IQR above Q3. The minimum is defined as 1.5 times the IQR below Q1. All experiments

were performed independently 3 times

* D < 0,05 ** p < 0.01; ** p < 0.001; **** p < 0.0001.

mechanism by which TMED5 promotes HCC progression
is still unknown. We have shown that TMEDS5 knockdown
reduced the expression level of genes including RHEB,
CDC14A, SMC1A, CDC27, MAPKI1, mTOR, RPS6KA3,
PIK3CA, STAG2, ZFYVEI16, ORC1, CREBBP, CDC7, CULI,
ROCK1, and ZFYVEY, all of which are involved in cell cycle
progression, mTOR signaling or TGF-f signaling,'-?¢ and
whose abnormalities are closely related to the pathogenesis
of cancers.30-32

A previous study had revealed that TMED5 was up-
regulated by MIR-G-1 (a type of miRNA) in cervical
cancer cells in a G-rich RNA sequence binding factor 1
(GRSF1)-dependent manner, which promoted nuclear au-
tophagy, malignant behavior and interaction with Wnt

family member 7B (WNT7B), thereby activating the clas-
sic WNT-catenin beta 1 (CTNNB1)/B-catenin signaling
pathway.” However, whether TMED5 promotes the tran-
scription of the aforementioned genes through the activa-
tion of the WNT7B/[B-catenin signaling pathway or other
signaling pathways needs further investigation.

Limitations

Limitations of this study include the lack of animal
experiments to further verify the findings. The detailed
mechanism of action of TMEDS5 in the cell cycle, mTOR
signaling pathway and TGF-f signaling pathway also re-
quire further investigation.
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Conclusions

This study demonstrated that high transcriptional levels
of TMED?5 in HCC tissues were related to poor OS in HCC
patients. Moreover, the downregulation of TMEDS5 ex-
pression in HCC cells inhibited proliferation, migration
and invasion, and enhanced apoptosis. As such, TMED5
is a potential regulator of the cell cycle, mTOR signaling
pathway and TGF-p signaling pathway, and has the poten-
tial to promote HCC.
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Abstract

Background. Many papers revealed the abnormal expression of circular RNA (circRNA), a kind of non-coding
RNA, in mammals. However, the potential functional mechanisms are still unknown.

Objectives. In this paper, we aimed to elucidate the function and mechanisms of hsa-cir0000098 in he-
patocellular carcinoma (HCC).

Materials and methods. Bioinformatics was used to analyze the Gene Expression Omnibus (GEO) database
(GSE97332) and predict the targeted gene site of miR-136-5p. The starBase online database was utilized
to predict that MMPZ is the downstream target gene of miR-136-5p. The expression of hsa_circ_0000098,
miR-136-5p and matrix metalloproteinase 2 (MMP2) in HCC tissues or cells was detected using quantitative
real-time polymerase chain reaction (qRT-PCR) method. The migration and invasion abilities of processing
cells were measured with transwell assay. The luciferase reporter assay was carried out to verify the targets
of hsa_circ_0000098, MMP2 and miR-136-5p. The western blot assay was performed to detect the expres-
sion of MMP2, MMP9, E-cadherin, and N-cadherin.

Results. According to the analysis of GEO database of GSE97332, hsa_circ_0000098 had a prominent
expression in HCC tissues. A continued analysis of relevant patients has verified that the high expression
of hsa_circ_0000098 is present in HCC tissues with relative to poor prognosis. We also proved that the mi-
gration and invasion abilities of HCC cell lines can be inhibited by silencing hsa_circ_0000098. In view
of the above findings, we continued to study the hsa_circ_0000098 mechanism of action in HCC. The study
revealed that hsa_circ_0000098 can sponge miR-136-5p and then regulate MMPZ, which is a downstream
target gene of miR-136-5p, in order to promote HCC metastasis by requlation of miR-136-5p/MMP2 axis.

Conclusions. Our data showed that has_circ_0000098 facilitates the migration, invasion and malignant
progression of HCC. On the other hand, we demonstrated that the mechanism of action of hsa_circ_0000098
in HCC might be due to the regulation of miR-136-5p/MMP2 axis.

Key words: hepatocellular carcinoma, MMP2, miR-136, hsa_circ_0000098
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Background

Liver cancer is a malignant disease responsible for
the majority of disease-induced deaths worldwide.!
As a kind of hepatic malignancy, hepatocellular carci-
noma (HCC) has become the 3™ leading cause of mortal-
ity and the 6" most common malignancy.? In the initial
stage, liver cancer has hidden characteristics so that most
people ignore the disease and get a belated diagnosis.
Gene expression therapy or transplant is the common
therapeutic method.? Despite tremendous efforts in-
vested in the past few decades, surgical techniques and
chemoradiotherapy regimens that are used to cure HCC
result in a limited prognostic improvement. The 5-year
survival rate of HCC patients is not satisfactory.*> Al-
though some reports indicate that many genes are related
to the carcinogenicity of HCC,® there is no convincing
evidence to expound the exact molecular mechanism.
Therefore, it is important for researchers to explore
the pathogenic process and molecular mechanism
of HCC.

Circular RNAs (circRNAs), an important class of non-
coding RNAs (ncRNAs), can participate in numerous
physiological processes,” including encoding proteins,®
sponging miRNA® and regulating gene transcription.!?
Gene expression can be regulated by ncRNAs at the tran-
scriptional and post-transcriptional level, thus various
ncRNAs play fundamental roles in the metastasis and tu-
morigenesis of HCC.!! On the other hand, different from
usual linear RNAs, circRNAs have covalently closed loop
structures without the polyadenylation tail, which are
more stable when interacting with RNA exonuclease.1213
Circular RNAs are broadly expressed in mammals and
their expression is related to various human diseases,
especially cancer.!* They are correlated with metastasis,
drug resistance and tumorigenesis.!® In the past few
years, it has been reported that lots of circRNAs (hsa_
cir_0007874,'° hsa_ccirc_0000847'7) have been reported
to be involved in HCC and regulate the progression
of the disease.'* Furthermore, there are studies indicating
that circRNAs (hsa_circ_002059, hsa_circ_0000096%1°)
can govern the migration and proliferation of gastric
cancer cells according to the modulation of gene expres-
sion of matrix metalloproteinase-2 (MMP2), MMP9 and
E-cadherin. However, functional mechanisms of cir-
cRNAs need further research.

Objectives

In this study, we performed an integrated analysis
of circ_0000098, a kind of circRNA that has not been
mentioned in the previous studies, to figure out the mo-
lecular and functional mechanisms for the diagnosis and
therapy of HCC.
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Materials and methods
Cell culture and samples

Four HCC cell lines (Hep3B, Huh7, MHCC97L, and SK-
hepl) which are representative cell lines in HCC research,
and normal human liver cell line (THLE-21) were purchased
from American Type Culture Collection (ATCC, Manassas,
USA). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Thermo Fisher Scientific, Waltham, USA)
containing 10% fetal bovine serum (FBS; Gibco, Waltham,
USA), 100 units/mL of penicillin, 100 pg/mL of streptomycin
(Invitrogen, Carlsbad, USA),and 2 mM of L-glutamine in a hu-
midified atmosphere containing 5% CO, at 37°C. The tumor
and adjacent noncancerous specimens were surgically dis-
sected from 64 patients with HCC at Xiantao First People’s
Hospital Affiliated to Yangtze University, Jingzhou, China.
All the procedures were performed according to the Declara-
tion of Helsinki. The protocols were discussed with the patients
and written informed consent was obtained before the surgical
collection of the samples. Samples were immediately stored
at —80°C until further use. The study was approved by the ethi-
cal review committee of Xiantao First People’s Hospital Af-
filiated to Yangtze University (approval No. KY-E-2020-8-10).

Cell transfections

The vector responsible for lentiviral overexpression
in circ_0000098 was transfected into Hep3B and SK-
hepl cell lines by adding puromycin into the stable cells.
We performed circRNA knockdown using validated Stealth
RNAI siRNA against circ_0000098 (Invitrogen), according
to the manufacturer’s instructions. In brief, 4x10° cells
were seeded in 60-millimeter plates, and siRNA treatment
was performed the next day. A total of 100 pL transfection
reagent mixture Lipofectamine™ 2000 (Thermo Fisher
Scientific) was obtained after mixing 20 nM of transfec-
tion solutions with HiPerFect Transfection Reagent (Qia-
gen, Valencia, USA) and serum free media. The amount
used and serum free media were used according to the in-
struction manual of the HiPerFect Transfection Reagent.
Then, the transfection complexes were fed by incubating
the mixture solution for 15 min. Subsequently, cells were
inoculated with 10 pL solutions, the mixture solution was
incubated at 37°C for 48 h and cells were collected 72 h af-
ter transfection for subsequent experimentation. The pro-
cedures were followed by gene silencing.

Nuclear/cytoplasmic fractionation
and quantitative real-time polymerase
chain reaction assay

The extraction of nuclear and cytoplasmic RNA from
tumor samples was performed using the extraction reagent

(Pierce™ 660nm Protein Assay Reagent; Thermo Fisher
Scientific). The amount of used liver cancer cells was equal
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to 1x107 and the principal method complied with the manu-
facturer’s instructions. RiboLock RNase inhibitors were
introduced and the isolation of total RNA was performed
using whole-cell lysates of RNase R achieved using RN-
Aesay mini kits (Qiagen). The circumstantial experimen-
tal method was performed as following. A total of 250 pL
of each fraction were instilled with 750 pL of TRIzol Reagent
for RNA extraction. The cDNA synthesis was performed
using 1 pg total RNA in 20 pL reaction volumes by means
of All-In-One 5X RT MasterMix (Takara, Shiga, Japan).
The U6 was used as a reference gene of miR-136-5p, and
GAPDH was used as a reference gene of hsa_circ_0000098
and MMP2. Relative gene expression was measured using
the 224 method. The primer sequences were as following:
hsa_circ_0000098 forward:
5-GGTGTAATTGCTTCTGCCATCA-3,

reverse: 5-GTCCAGCCAAAATGGCAGTG-3;
miR-136-5p forward:
5-ACACTCCAGCTGGGACTCCATTTGTTTT-3,
reverse: 5-CCAGTGCAGGGTCCGAGGT-3}

MMP2 forward: 5-GTGAAGTATGGGAACGCCG-3,
reverse: 5-GCCGTACTTGCCATCCTTCT-3}

GAPDH forward: 5-GAAAGCCTGCCGGTGACTAA-3,
reverse: 5-GCGCCCAATACGACCAAATC-3;

U6 forward: 5-CTCGCTTCGGCAGCACA-3,,

reverse: 5-AACGCTTCACGAATTTGCGT-3..

RNA pull-down assay

For RNA pull-down assay, biotinylated miR-136-5p
probe was obtained from RiboBio (Guangzhou, China).
The C-1 magnetic beads (Thermo Fisher Scientific) were
used to incubate with the probe in order to acquire probe-
coated beads. Then, they were incubated with cell lysates
Hep3B and SK-hepl at 4°C. After the washing of RNA com-
plexes, quantitative real-time polymerase chain reaction
(qRT-PCR) assay was performed to determine the expres-
sion of miR-136-5p and MMP2.

RNA immunoprecipitation assay

The RNA immunoprecipitation assay (RIPA) was per-
formed using EZMagna RIP kit obtained from EMD Mil-
lipore (Burlington, USA). The relevant experiments were
carried out in accordance with the manufacturer’s guidelines.
Briefly, cells (Hep3B, SK-hepl) were lysed with RIPA lysis buf-
fer. The supernatant was harvested after the centrifugation
and cultured with magnetic beads conjugated to human anti-
Ago2 antibody (Abcam, Cambridge, USA) or anti-IgG anti-
body (Abcam). Finally, the expression of hsa_circ_0000098
and miR-136-5p was detected using qRT-PCR assay.

Transwell assay

Transwell chambers (Corning Company, Corning, USA)
were used to evaluate the migration and invasion abilities
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of HCC cells. In brief, liver cancer cells (about 1x10*
cells) were resuspended and planted into upper chambers
with or without the addition of Matrigel (BD Bioscience,
Waltham, USA). At the same time, 800 uL medium with
30% FBS was added to the lower chambers. All chambers
were incubated for 24 h at 37°C. Subsequently, transmi-
grated cells were set in the chambers. Then, crystal vio-
let (Sigma-Aldrich, St. Louis, USA) was utilized to stain
the cells. Finally, Nikon Diaphot inverted microscope
(Nikon Corp., Tokyo, Japan) was utilized to count and
photograph the migrated or invaded cells.

Western blot

Cells were lysed with RIPA lysis buffer, and BCA Pro-
tein Assay Kit (Beyotime Biotechnology, Beijing, China)
was utilized to quantify them. Total proteins (40 ug)
were charged to sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gel and transferred onto
a polyvinylidene difluoride (PVDF) membrane (EMD Mil-
lipore). The membrane was blocked with 5% skim milk and
incubated with MMP2 (cat. No. AF1420), MMP9 (cat. No.
AF5234), E-cadherin (cat. No. AF6759), and N-cadherin
(cat. No. AF0243) antibodies (1:1000; Beyotime Biotechnol-
ogy). After incubation, the secondary antibody horseradish
peroxidase (HRP)-labeled Goat Anti-Rabbit IgG (H+L) (cat.
No. A0208, 1:1000; Beyotime Biotechnology) was utilized
to incubate the membrane. The membrane was then vi-
sualized with an electrochemiluminescence (ECL) reagent
(Beyotime Biotechnology). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, cat. No. AF1186; Beyotime Bio-
technology) was used as an internal control.

Dual-luciferase reporter assay

The hsa_circ_0000098 and MMP2 wild type (hsa_
circ_0000098 wt and MMP2 wt) and mutant type (hsa_
circ_0000098 mut and MMP2 mut) reporter vectors were
set by Beijing TransGen Biotech Co. Ltd. (Beijing, China).
The reporter plasmids were co-transfected with either
miR-136-5p mimics or negative mimics control into Hep3B
cells. After transfection for 48 h, the cells were lysed and
the relevant luciferase activities were detected using a dual-
luciferase reporter assay system (Promega, Madison, USA).

Statistical analyses

The IBM SPSS v. 20.0 (IBM Corp., Armonk, USA) was
used to perform the statistical analyses. The Student’s
t test and one-way analysis of variance (ANOVA) fol-
lowed by the Tukey’s post hoc test were utilized to analyze
2 or multiple groups, respectively. The survival curves were
assessed by the Kaplan—Meier (K—M) analysis. The log-
rank test was used to analyze the difference between K-M
curves. The x? test was used to examine the correlation
between hsa-circ-0000098 expression and clinical data.
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The normality of the data and the homogeneity of vari-
ance between the groups were tested using the Shapiro—
Wilk test and the Levene’s test, respectively. The value
of p > 0.05 indicated that the assumption of normality
of data and homogeneity of variance was consistent, and
further parameter testing could be performed. The num-
ber of independent replications in all the experiments
amounted to 3. The data are shown as mean + standard
deviation (M +SD). The value of p < 0.05 was considered
statistically significant. The results of the statistical analy-
ses are presented in Table 1.

Results

High expression of hsa_circ_0000098
in HCC gives rise to worse prognosis

In order to investigate the impact of hsa_circ_0000098
on the development of HCC, 64 HCC patients have been
chosen for this study. Their biopsied HCC and para-carci-
noma tissues were collected and analyzed. To investigate
the hsa_circ_0000098 expression profiles in HCC, we ana-
lyzed the microarray data from Gene Expression Omnibus
(GEO) database GSE97332. Compared with normal tissues,
hsa_circ_0000098 was highly expressed in HCC tumor
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tissues, and the heat map and volcano plot both indicated
the diversity of circRNAs (Fig. 1A). The qRT-PCR indi-
cated that hsa_circ_0000098 was highly expressed in HCC
tissues (Fig. 1B; t = 14.88, degrees of freedom (df) = 126,
p < 0.001). Furthermore, in order to examine the differ-
ence in the hsa_circ_0000098 expression between HCC
cells and normal cells, several HCC cell lines (Hep3B,
Huh7, MHCC97L, SK-hepl) were compared with normal
human liver cell (THLE-21). The results show that hsa_
circ_0000098 has a high expression in all HCC cell lines,
while the normal liver cell, THLE-21, shows an inferior
expression (F(4,10) = 161.7, p < 0.001; Fig. 1C). As for Fig. 1D,
we selected the median expression value of the HCC tis-
sues in Fig. 1B as the cutoff value, and patients with HCC
were divided into hsa_circ_0000098 high expression group
(n = 32) and low expression group (n = 32). The K-M sur-
vivorship curve indicated that the prognostic survival rate
of hsa_circ_0000098 high expression group is distinctly
lower than that of the low expression group. Overall,
the above data show that hsa_circ_0000098 is highly ex-
pressed in HCC, which gives rise to worse prognosis.

The relevant clinicopathological characteristics of pa-
tients are presented in Table 2, according to the degree of hsa_
circ_0000098 expression after the x? testing. The results
revealed that the expression of hsa_circ_0000098 is closely
related to tumor size (p = 0.024), tumor-node-metastasis
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Fig. 1. Upregulated expression of hsa-circ-0000098 in hepatocellular carcinoma (HCC) tissue and cell lines. A. Hsa_circ_0000098 is highly expressed

in liver cancer tissues from Gene Expression Omnibus (GEO) database. The heat map and volcano plots of circular RNAs (circRNAs) based on GSE97332;

B. The expression level of hsa_circ_0000098 in 64 pairs of HCC tissues detected using quantitative real-time polymerase chain reaction (qRT-PCR). The Student’s
t-test was utilized to analyze the 2 groups; C. The expression level of hsa_circ_0000098 in HCC cell lines (Hep3B, Huh7, MHCC97L, SK-hep) and normal liver cell
(THLE-21) was detected using gRT-PCR method. One-way analysis of variance (ANOVA) followed by the Tukey's post hoc test were utilized to analyze multiple
groups; D. The Kaplan—-Meier (K-M) plotter was used to evaluate overall survival in HCC patients according to the expression of hsa_circ_0000098
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Table 1. The results of Student’s t-test and ANOVA
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F(df;,dfy)
Fig. 1B Student’s t-test -
Fig. 1C ANOVA F(4,10)=161.7
Fig. 2A (left) ANOVA F(2,6) = 3463
Fig. 2A (right) ANOVA F(2,6) = 442.1
Fig. 2B (left) ANOVA F(2,6) = 1594
Fig. 2B (right) ANOVA F(2,6) = 3494
Fig. 2C (left) ANOVA F(2,6) =813.6
Fig. 2C (right) ANOVA F(2,6) =300.9
Fig. 3A (left) ANOVA F(2,12) =234.9
Fig. 3A (right) ANOVA F(1,12)=1426
Fig. 3B ANOVA F(1,8) = 53.46
Fig. 3C (left #1) ANOVA F(2,6)=991.6
Fig. 3C (left #2) ANOVA F(2,6) = 1099
Fig. 3C (right #1) ANOVA F(2,6) = 4024
Fig. 3C (right #2) ANOVA F(2,6) = 2692
Fig. 3D (left) ANOVA F(2,6) = 1844
Fig. 3D (right) ANOVA F(2,6) = 1048
Fig. 3E Student’s t-test -
Fig. 3F ANOVA F(1,8) =95.55
Fig. 3G (left) ANOVA F(2,6) =201
Fig. 3G (right) ANOVA F(2,6) = 494.8
Fig. 3H Student’s t-test -
Fig. 4A (left) Student’s t-test -
Fig. 4A (right) Student’s t-test -
Fig. 4B (left) Student’s t-test -
Fig. 4B (right) Student’s t-test -
Fig. 4C (left) ANOVA F(2,6)=163.7
Fig. 4C (right) ANOVA F(2,6)=72.01
Fig. 4D (left) ANOVA F(2,6) =659
Fig. 4D (right) ANOVA F(2,6) = 2383
Fig. 4E (left) ANOVA F(2,6) =8399
Fig. 4E (right) ANOVA F(2,6) =462

14.88 126 06374 04782 0.0001
- - 0.3067 0.8670 0.0001
= = 0.9914 0.8775 0.0001
- - 0.9933 0.7664 0.0001
= = 0.7450 0.5141 0.0001
- - 0.5882 0.9434 0.0001
= = 0.2353 0.7973 0.0001
- - 0.6636 0.5491 0.0001
= = 0.7168 0.9750 0.0001
- - 0.8580 0.9747 0.0001
= = 04385 0.3219 0.0001
- - 0.7155 0.5264 0.0001
= = 0.3601 0.7117 0.0001
- - 0.5764 04504 0.0001
= = 0.2478 0.1642 0.0001
- - 0.5168 0.6208 0.0001
= = 0.9179 0.4489 0.0001

10.78 126 04797 0.3356 0.0001
= = 0.2764 04743 0.0001
- - 0.3336 0.8895 0.0001
= = 0.4209 0.3090 0.0001

11.16 126 04972 0.6855 0.0001

4551 4 0.5472 0.9981 0.0001
17 4 0.5506 0.9863 0.0001

56.28 4 02113 0.9987 0.0001

36.25 4 0.2072 0.9970 0.0001
= = 04326 0.6676 0.0001
- - 0.7013 0.5325 0.0001
= = 0.3611 0.7111 0.0001
- - 0.5107 0.9788 0.0001
= = 0.1701 0.8475 0.0001
- - 04776 0.9537 0.0001

ANOVA - analysis of variance; df — degrees of freedom; t — Student’s t-test results; psx — Shapiro-Wilk test; p, — Levene’s test; df; — degrees of freedom
of miR-NC compared to miR-136-5p mimics group; df, — degrees of freedom of miR-136-5p mimics compared to miR-136-5p mimics+Oe-circ group

(p < 0.05 was considered statistically significant).

(TNM) stage (p = 0.024), differentiation (p = 0.035), and
lymph node metastasis (p = 0.045). Inversely, the expres-
sion of hsa_circ_0000098 does not correlate with patient’s
age and gender.

Silence of hsa_circ_0000098 inhibits
cell migration and invasion in vitro

In order to explore the relationship between severe HCC
and hsa_circ_0000098, an established knockdown method
was conducted in order to silence the hsa_circ_0000098
expression. First, Hep3B and SK-hepl with the highest
expression of hsa_circ_0000098 (Fig. 1C) were chosen

as experimental targets to be silenced by 2 designed shR-
NAs (sh-circ#1 and sh-circ#2). Figure 2A (F(2,6) = 346.3,
p <0.001, and F(2,6) = 442.1, p < 0.001) indicates that com-
pared with short hairpin RNA negative control (sh-NC),
sh-circ#1 and sh-circ#2 can effectively knock out more
than 70% of hsa_circ_0000098 from Hep3B and SK-hepl
cells. The hsa_circ_0000098 was successfully knocked
down. Subsequently, the transwell assay with or without
pre-coated Matrigel was used to detect the migration and
invasion abilities of Hep3B and SK-hepl1 cells. The results
proved that after the knockdown of hsa_circ_0000098,
the migration and invasion abilities of Hep3B and SK-
hepl cells decreased (F(2,6) = 159.4, p < 0.001, and
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Fig. 2. Silencing of hsa-circ-0000098 inhibits hepatocellular carcinoma (HCC) cell migration and invasion in vitro. A. The knockdown efficiency of hsa_
circ_0000098 measured using quantitative real-time polymerase chain reaction (QRT-PCR). Targeted shRNAs were designed according to the results
presented in Fig. 1C. One-way analysis of variance (ANOVA) followed by the Tukey’s post hoc test were utilized to analyze multiple groups; B. The migration
ability of Hep3B and SK-hep1 cells based on the transwell assay (without pre-coated Matrigel). One-way ANOVA followed by the Tukey's post hoc test were
utilized to analyze multiple groups; C. The invasion ability of Hep3B and SK-hep1 cells based on the transwell assay (with pre-coated Matrigel). One-way
ANOVA followed by the Tukey's post hoc test were utilized to analyze multiple groups; D. The expression of MMP2, MMP9, E-cadherin, and N-cadherin

detected with western blot assay based on Hep3B and SK-hep1 cells

F(2,6) = 349.4, p < 0.001, Fig. 2B; F(2,6) =
and F(2,6) = 300.9, p < 0.001; Fig. 2C).
On the other hand, matrix metalloproteinases (like
MMP2 and MMP9) can degrade almost all protein com-
positions in the extracellular matrix (ECM) and destroy
the histological barriers of tumor cell invasion, playing
a vital role in the tumor migration and invasion. Addi-
tionally, the tumor progression and migration are linked
to E-cadherin and N-cadherin. Hence, through western
blot assay, we detected the expression of MMP2, MMP9,
E-cadherin, and N-cadherin in Hep3B and SK-hepl cells
transfected with sh-NC, sh-circ#1 and sh-circ#2. The ex-
pression of MMP2, MMP9 and N-cadherin shows a distinct

813.6, p < 0.001,

decrease after the knockdown of hsa_circ_0000098 both
in Hep3B and SK-hepl cells (Fig. 2D). The expression of E-
cadherin shows a distinct increase. The results suggest that
hsa_circ_0000098 has an important role in HCC migra-
tion and invasion.

Hsa-circ-0000098 is expressed

in cytoplasm and functions as ceRNA
through sponge mir-136-5p/MMP2
signal axis

The circRNA has the potential to act as a competitive en-
dogenous RNA (ceRNA) to sponge miRNAs and mitigate
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the inhibitory effect on the targeted mRNA expression.?°
In order to explore the hsa_circ_0000098 mechanism
of action in HCC, we performed a series of experiments.
First, the location of the highest hsa_circ_0000098 ex-
pression was estimated using qRT-PCR through nuclear/
cytoplasmic fractionation. The graph presented in Fig. 3A
(E(2,12) = 234.9, p < 0.001, and F(2,12) = 440.3, p < 0.001,
and E(1,12) = 50.04, p < 0.001, and F(1,12) = 142.6,
p < 0.001) indicates that most of hsa_circ_0000098 can be
detected in the cytoplasm. However, the mature miRNAs
are also present in the cytoplasm and there is the possibil-
ity of hsa_circ_0000098 to comb with miRNAs. The U6
and GAPDH were set as internal references of nucleus
and cytoplasm, respectively. Then, we used a bioinfor-
matics database (circRNA interactome: https://circinter-
actome.irp.nia.nih.gov/) to predict the potential target
miRNA. We found that hsa_circ_0000098 can target
miR-136-5p (Fig. 3B). Subsequently, the luciferase assay
was conducted with Hep3B cells to confirm the prediction
(Fig. 3C). The results indicate that compared with miRNA
negative control (miR-NC), the overexpressed miR-136-5p
can inhibit the luciferase activity of hsa_circ_0000098
wt in Hep3B cells. However, when we mutated circRNA,
which was the binding site of predicted miR-136-5p,
the corresponding inhibition disappeared (F(1,8) = 53.46,
p =0.0001; Fig. 3B). Then, the RIPA-qRT-PCR method was
performed on Hep3B and SK-hepl cells (F(2,6) = 991.6,
p = 0.0001; F(2,6) = 1099, p = 0.0001; E(2,6) = 402.4,
p =0.0001; F(2,6) = 2692, p = 0.0001; Fig. 3C). The results
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show that hsa_circ_0000098 could bind to miR-136-5p,
whereas the beads coupled with AGO2 pulled down sig-
nificantly greater hsa_circ_0000098 and miR-136-5p
than the IgG control. The results presented in Fig. 3D
(E(2,6) = 184.4, p < 0.001, and E(2,6) = 1048, p < 0.001)
indicate that both sh-circ#1 and sh-circ#2 can increase
the expression of miR-136-5p in Hep3B and SK-hepl
cells. The qRT-PCR indicated that miR-136-5p is down-
regulated in HCC tissues (t = 10.78, df = 126, p < 0.001;
Fig. 1E). Figure 3F presents the consequence of 3-UTR
of the MMP2 gene on the binding site of miR-136-5p.
The analysis was predicted using starBase on-line database
(http://starbase.sysu.edu.cn). On the other hand, the lucif-
erase assay was undertaken with Hep3B (F(1,8) = 95.55,
p < 0.001; Fig. 3F). The results suggest that compared
with miR-NC, the overexpressed miR-136-5p can in-
hibit the luciferase activity of MMP2 wt in Hep3B cells.
However, when the binding site of predicted miR-136-5p
was mutated, the corresponding inhibition disappeared.
Finally, the variation of MMP2 expression in Hep3B
and SK-hepl cells was measured using qRT-PCR, after
the knockdown of hsa_circ_0000098. The results in-
dicate that in both Hep3B and SK-hepl cells, sh-circ#1
and sh-circ#2 can decrease the expression of MMP2
(F(2,6) = 201, p < 0.001; E(2,6) = 494.8, p < 0.001; Fig. 3G).
Similar to hsa_circ_0000098, MMP2 was upregulated
in HCC tissue (t = 11.16, df = 126, p = 0.0001; Fig. 3H).
The sh-NC was used to make comparisons with sh-circ#1
and sh-circ#2.

Table 2. Relationship between hsa_circ_0000098 expression and the clinicopathological parameters in HCC tissue samples

Hsa-circ-0000098
high expression

Clinicopathological

characteristics

Hsa-circ-0000098
low expression

(n=32) (n=32)
Gender

Male 15 16

0.063 0.802
Female 17 16
<50 17 20

0.577 0.448
>50 15 12

Tumor size

T +T2 10 19

5.107 0.024
T3+T4 22 13

Differentiation

Poor 7 15

4433 0.035
Moderate + high 25 17

Lymph node metastasis

Negative 11 19

4016 0.045
Positive 21 13

TNM stages

[+ 11 10 19

5.107 0.024
I+ 1V 22 13

HCC - hepatocellular carcinoma; TNM — tumor-node-metastasis.
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Fig. 3. Hsa_circ_0000098 was expressed in cytoplasm and functions as competitive endogenous RNA (ceRNA) through sponge miR-136-5p/MMP2

signal axis. A. The expression of hsa_circ_0000098 in cytoplasm and nucleus detected with quantitative real-time polymerase chain reaction (qRT-PCR),
based on Hep3B and SK-hepT cells. One-way analysis of variance (ANOVA) followed by the Tukey's post hoc test were utilized to analyze multiple groups;
B. The predicted binding sites between hsa_circ_0000098 and miR-136-5p were confirmed with luciferase reporter gene assay in Hep3B. One-way
ANOVA followed by the Tukey's post hoc test were utilized to analyze multiple groups; C. RNA immunoprecipitation assay (RIPA)-gRT-PCR method was
used in Hep3B and SK-hepT cells to measure the difference in anti-lgG and anti-Ago2. One-way ANOVA followed by the Tukey's post hoc test were utilized
to analyze multiple groups; D. The expression of miR-136-5p in Hep3B and SK-hep1 cells after the knockdown of hsa_circ_0000098 detected using
gRT-PCR method. One-way ANOVA followed by the Tukey's post hoc test were utilized to analyze multiple groups; E. The expression level of miR-136-5p
in 64 pairs of HCC tissues detected using gRT-PCR. The Student's t-test was utilized to analyze the 2 groups; F. The binding sites of miR-136-5p on MMP2
were confirmed and utilized to conduct the luciferase reporter gene assay. One-way ANOVA followed by the Tukey's post hoc test were utilized to analyze
multiple groups; G. The expression of MMP2 in Hep3B and SK-hepT cells after the knockdown of hsa_circ_0000098 detected using gRT-PCR method;

H. The expression level of MMP2 in 64 pairs of HCC tissues detected with gRT-PCR. The Student’s t-test was utilized to analyze the 2 groups

Hsa_circ_0000098 promotes
HCC migration and invasion
by regulating miR-136-5p/MMP2 axis

The described experiments proved that hsa_circ_0000098
plays a critical role in HCC cell migration and invasion. Yet,
the exact regulatory mechanism is still unknown. In view
of this and previous studies, we designed a series of experi-
ments to examine the relevant mechanism. Synthesized
miR-136-5p mimics were overexpressed in Hep3B and SK-
hepl cells. Thus, qRT-PCR method was used to evaluate
the efficiency of overexpression. The used symbols and
abbreviations are as follows: t; — Student’s t-test results
of miR-NC compared to miR-136-5p mimics group; t, — t-
test results of miR-136-5p mimics compared to miR-136-5p
mimics+Oe-circ group; df; — degrees of freedom of miR-
NC compared to miR-136-5p mimics group; df, — degrees
of freedom of miR-136-5p mimics compared to miR-136-5p
mimics+Oe-circ group (p < 0.05 was considered statisti-
cally significant); p; — p-value of miR-NC compared to miR-
136-5p mimics group; p, — p-value of miR-136-5p mimics
compared to miR-136-5p mimics+QOe-circ group.

The results indicate that miR-136-5p mimics, com-
pared with miR-NC, can be overexpressed in both Hep3B
and SK-hepl cells (t; = 45.51, df; = 4, p; < 0.001; t, = 17,
df, = 4, p, < 0.001; Fig. 4A). Then, the overexpressed
hsa_circ_0000098 (Oe-circ) was constructed by trans-
fecting Hep3B and SK-hepl cells. Figure 4B (t; = 56.28,
df; = 4, p1 < 0.001; t; = 36.25, df; = 4, p; < 0.001) displays
the results of the evaluation of the efficiency of overex-
pression: compared with vector, Oe-circ can be effectively
overexpressed with hsa_circ_0000098 in Hep3B and SK-
hepl cells. Thus, after the overexpression of miR-136-5p,
we detected the expression variation of MMP2. The re-
sults revealed that the overexpressed miR-136-5p de-
creases the expression of MMP2 (F(2,6) = 163.7, p = 0.0001;
F(2,6) = 72.01, p = 0.0001; Fig. 4C). After the co-transfec-
tion of Oe-circ, the expression of MMP2 has increased.
The transwell assay was used to detect the migration and
invasion abilities of different groups (miR-NC, miR-136-5p
mimics and miR-136-5p mimics+QOe-circ) in Hep3B and
SK-hepl cells. The similar results presented in Fig. 4D
(F(2,6) = 659, psk = 0.3611; p. = 0.7111 (psx — Shapiro—
Wilk test; pp — Levene’s test); F(2,6) = 238.3, p < 0.001) and
Fig. 4F (F(2,6) = 839.9, p < 0.001, and F(2,6) = 462, p < 0.001)

indicate that the overexpressed miR-136-5p can decrease
the migration and invasion abilities of these 2 cell lines,
while after the co-transfection of Oe-circ, the migration
and invasion abilities of Hep3B and SK-hepl cells increase
(Fig. 4D,E). Finally, the western blot assay was used to de-
tect the expression of MMP2, MMP9, E-cadherin, and
N-cadherin in different groups (miR-NC, miR-136-5p
mimics, miR-136-5p mimics+QOe-circ) in Hep3B and SK-
hepl cells. The results show that miR-136-5p decreased
the expression of MMP2, MMP9 and N-cadherin, and
increased the expression of E-cadherin (Fig. 4F); how-
ever, after the co-transfection of Oe-circ, the expression
of MMP2, MMP9 and N-cadherin increased and the ex-
pression of E-cadherin decreased, which corresponds with
our assumptions.

Discussion

Hepatocellular carcinoma is the 3" leading cause
of the cancer-related mortality worldwide. It is a multi-
factorial disease caused by various risk factors such
as cirrhosis, alcohol abuse, viral infections, and oth-
ers.21-2* The circRNAs have drawn attention as oncogenes
or suppressors of cancer progression.'®?> Since circRNAs
are nonlinear reverse splicing structures, they are more
stable even under the dispose of RNase R.!26-28 Until
now, the studies have described circRNAs as ceRNAs
which can sponge miRNA in order to regulate mRNA
expression in HCC.?2%3% For example, circRNA hsa_
circRNA_104348 promotes HCC progression through
modulating miR-187-3p/RTKN2 axis and activating
Wnt/B-catenin pathway.?! The circRNA-5692 inhibits
the progression of HCC by sponging miR-328-5p to im-
prove the expression of DAB2IP.3? The circRNA-104718
acts as a competing endogenous RNA and promotes HCC
progression through microRNA-218-5p/TXNDCS5 signal-
ing pathway.® However, the specific function and mecha-
nism of hsa_circ_0000098 associated with tumorigenesis
and progression of HCC are still unclear. In this study,
we designed a series of experiments to explore the specific
role of hsa_circ_0000098 in HCC and confirmed that hsa_
circ_0000098 is highly expressed in HCC. Afterwards,
the in vitro studies confirmed that hsa_circ_0000098
is extremely involved in the HCC progression.
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Fig. 4. Hsa_circ_0000098 promotes hepatocellular carcinoma (HCC) migration and invasion by regulation of miR-136-5p/MMP22 axis. A. The overexpression
of synthesized miR-136-5p mimics in Hep3B and SK-hep1 cells detected with quantitative real-time polymerase chain reaction (qRT-PCR). The Student'’s
t-test was utilized to analyze the 2 groups; B. The transfection of the overexpressed miR-136-5p in Hep3B and SK-hep1 cells detected using gRT-PCR
method. The Student’s t-test was utilized to analyze the 2 groups; C. The expression of MMP2 was detected after the overexpression of miR-136-5p

in Hep3B and SK-hep1 cells had been detected using gRT-PCR method. One-way analysis of variance (ANOVA) followed by the Tukey's post hoc test were
utilized to analyze multiple groups; D. The migration ability of Hep3B and SK-hep1 cells, with different groups (miRNA negative control (miR-NC), miR-136-
5p mimics, miR-136-5p mimics + overexpressed hsa_circ_0000098 (Oe-circ)), based on the transwell assay (without pre-coated Matrigel). One-way ANOVA
followed by the Tukey's post hoc test were utilized to analyze multiple groups; E. The invasion ability of Hep3B and SK-hepT cells, with different groups
(mMiR-NC, miR-136-5p mimics, miR-136-5p mimics+Oe-circ), detected using the transwell assay (without pre-coated Matrigel). One-way ANOVA followed

by the Tukey's post hoc test were utilized to analyze multiple groups; F. The expression of MMP2, MMP9, E-cadherin, and N-cadherin in Hep3B and SK-hepf
cells, with different groups (miR-NC, miR-136-5p mimics, miR-136-5p mimics+Oe-circ), detected using the western blot assay

In view of the above conclusions, we continued to study
the mechanism of action of hsa_circ_0000098 in HCC.
CircInteractome online database predicted that hsa_
circ_0000098 can sponge miR-136-5p. To the best of our
knowledge, miR-136-5p was reported to have a low ex-
pression in liver cancer.>3* Additionally, miR-136-5p has
an impact on carcinomatosis in various cancers (colorec-
tal carcinoma,? gallbladder carcinoma,? human T-cell
leukemia virus type 1 (HTLV-1),* thyroid cancer,®® oral
squamous cell carcinoma®). Remarkably, miR-136-5p has
been identified to be downregulated in HCC. For instance,
silencing of IncRNA LEF1-AS1 prevents the progression
of HCC via the crosstalk with miR-136-5p/WNK1.40
The miR-136-5p is a target gene for circ_0027089, thereby
modulating NACCI to aggravate HCC is associated with
hepatitis B virus.*! In our study, miR-136-5p was down-
regulated in HCC tissues, which is consistent with the lit-
erature on the subject.

The downstream target gene of miR-136-5p is predicted
to be MMP2, which is one of the prominent members
of MMP family. The MMP2 and MMP?9 are usually highly
expressed in malignant tumors and take part in the deg-
radation of tumor ECM and base, assisting tumor cells
in breaking the metastasis barriers.*> Dorandish et al. re-
vealed that MMP2 is the predominant regulator of cyto-
toxic effects brought about by AP in lung cancer cells,*?
especially in HCC.** Hence, MMP2 and MMP9 play crucial
roles in the migration and invasion of tumor cells.

Epithelial-mesenchymal transition (EMT) is a biologi-
cal process in which epithelial cells transform and ex-
hibit a mesenchymal phenotype via a specific program.?®
It has been shown that EMT exhibits a significant effect
on malignant tumors, which could transform epithelial
cells to obtain migration and invasion abilities associated
with malignancy.*® Thereby, it is important to investigate
the molecular mechanism underlying the EMT process
by N-cadherin and E-cadherin expression. In the present
study, the results revealed that N-cadherin decreased and
E-cadherin increased after the co-transfection of sh-circ,
which means that the knockdown could suppress the abil-
ity to migrate and invade.

In conclusion, hsa_circ_0000098, highly expressed
in HCC, can mediate the migration, invasion and malignant
progression of liver cancer. This might be due to the regula-
tion of miR-136-5p/MMP2 axis. This study has also pro-
vided inspiration for relieving pain of HCC patients. For

the first time, we made efforts in exploring the relationship
and mechanism of action between hsa_circ_0000098 and
HCC, which will pave the way for the subsequent study.

Limitations

The study did not verify the signal pathways studied
in in vivo experiments. Subsequent research should focus
on in vivo experiments to provide more reliable data and
strategic treatment for future clinical studies.

Conclusions

Our data demonstrated that hsa_circ_0000098 is highly
expressed in HCC, which facilitates the migration, invasion
and malignant progression of cancer cells. On the other
hand, we also proved that the mechanism of action of hsa_
circ_0000098 in HCC might be due to the regulation
of miR-136-5p/MMP2 axis.

Data availability

All supporting data are available from the corresponding
author upon request.
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Abstract

In recent years, chemotherapy-induced nausea and vomiting (CINV) has become the most common adverse
effect of chemotherapy in oncology patients. The CINV may reduce the quality of life in mild cases, or even
make the patients resist or delay further treatment. Fosaprepitant is a newly marketed neurokinin-1 receptor
antagonist (NK-1RA), which can be combined with 5-hydroxytryptamine 3 receptor antagonists (5-HT3RAS)
and dexamethasone to prevent chemotherapy-induced vomiting. The dimeglumine salt form of fosaprepitant
can be utilized as an intravenous injectable drug, which surpasses aprepitant’s oral admistration limits.
Fosaprepitant is effective and safe in the control of CINV in cancer patients receiving highly emetogenic
chemotherapy (HEC), and may be an alternative option for antiemetic therapy. In general, fosaprepitant
is worthy of clinical promation and has a large market potential. This article reviews the clinical studies
on fosaprepitant conducted in recent years, with the aim of providing a basis for the rational clinical selec-
tion of antiemetic drugs.

Key words: neurokinin-1 receptor antagonist, fosaprepitant, efficacy and safety, clinical research, chemo-
therapy-induced nausea and vomiting
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Introduction

The treatment of malignant tumors has improved rap-
idly in recent years. Though there have been many break-
throughs in targeted therapeutics in oncology that are less
emetogenic, chemotherapeutics have not been completely
replaced. Chemotherapy-induced nausea and vomiting
(CINV) are one of the most prevalent side effects of treat-
ment, and severe vomiting can have a negative impact
on subsequent therapeutic efficacy.! Children present
a more severe response compared to adults.? If not man-
aged effectively, CINV can affect patients by causing de-
hydration, malnutrition and electrolyte imbalance. These
side effects can significantly impact patient’s quality of life
and instill fear of chemotherapy. The prevalence of nau-
sea and vomiting is related to several factors, including
the emetogenicity of the chemotherapy regimen, the dose
and rate of administration of the chemotherapy agents,
various environmental triggers, and patient-related fac-
tors. The pathogenesis involves multiple organ systems,
the central nervous system, the gastrointestinal tract, and
neurotransmitters.? Highly emetogenic chemotherapy
(HEC) is defined as drugs that cause vomiting in more than
90% of patients without any emetic prophylaxis, whereas
moderately emetogenic chemotherapy (MEC) is defined
as drugs that cause nausea and vomiting in 30—-90% of pa-
tients without any emetic prophylaxis.*

Neurokinin-1 receptor antagonists (NK-1RAs) in combi-
nation with 5-hydroxytryptamine 3 receptor antagonists
(5-HT3RAs) and dexamethasone have been suggested
by domestic and international standards to prevent and
minimize CINV in patients.* The NK-1RAs are a novel
kind of anti-nausea medication with high selectivity and
affinity. These medications work by competitively binding
to the NK-1R, which can block the binding of substance
P and prevent the emetic signal from being transmitted.
The release of 5-HT?>° is the focus of acute CIN'V, whereas
the release of substance P is the focus of delayed CINV. All
NK-1RAs are effective but exhibit important differences
in efficacy against acute and delayed CINV. For delayed
CINV compared to acute CINYV, the benefit of NK1-RA-
containing 3-drug regimens is greater than that of 2-drug
regimens. Fosaprepitant, a subsequently developed apre-
pitant precursor drug, is given intravenously (i.v.) and
is rapidly converted to aprepitant through the hydrolysis
of phosphatase enzymes widely present in the body, which
can mediate the blockage of substance P.” In China, the NK-
1RA medications primarily contain aprepitant (oral) and
fosaprepitant (injection). The clinical trials for aprepitant
are conducted more often due to its earlier availability
in the market. However, because fosaprepitant is new
to the Chinese market, studies have been limited to chil-
dren. The dimeglumine salt form of the novel anti-nausea
medicine, fosaprepitant, can be utilized as an i.v. injectable
drug, which is able to surpass the oral admistration limit
of aprepitant. The bioavailability is unaffected by vomiting;
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therefore, it can be utilized in patients with oral mucositis
who are unable to take medications orally.®

Objectives

This review compiles the domestic and international
clinical investigations on the anti-nausea effects of fosa-
prepitant, and serves as a guide for choosing anti-nausea
medications in the clinic.

Methodology

Studies from the years 2003-2022 were included in our
review. The studies were identified using the following
keywords: “fosaprepitant”, “aprepitant”, “CINV”, “HEC”,
“MEC”, and “NK-1RA”. Several representative articles were
screened to analyze and summarize the clinical therapeu-
tic effects of fosaprepitant. The data and conclusions from
clinical trials were discussed. The data are presented along
historical and medical drug development routes.

The clinical efficacy of fosaprepitant
in preventing HEC-induced nausea
and vomiting in adults

Fosaprepitant is used to prevent acute and delayed
nausea and vomiting associated with HEC, and delayed
nausea and vomiting associated with initial and recur-
rent courses of MEC in adults when used in combination
with other antiemetic medicines.” In a study conducted
in China, 626 cancer patients who were administered
HEC were randomly assigned to 2 groups: aprepitant
(aprepitant+granisetron+dexamethasone) or fosaprepitant
(fosaprepitant+granisetron+dexamethasone).' The results
showed that there were no differences in the complete re-
sponse (CR) rate of the acute phase (AP), delayed phase (DP)
and overall phase (OP) (p > 0.05) between the 2 treatments,
and both drugs were well tolerated. In the OP, the CR rate
was achieved by 293 (89.33%) patients in the fosaprepitant
group and by 294 (92.74%) patients in the aprepitant group.
During the AP and DP, the CR rates in the fosaprepitant
group were 95.73% and 91.16%, respectively. Thus, fosapre-
pitant was found to be beneficial in controlling HEC-related
nausea and vomiting in Chinese patients. Saito et al. studied
347 adult patients in Japan who received chemotherapy,
including cisplatin (70 mg/m?), and were randomly di-
vided into fosaprepitant and control groups.!! The results
showed that the fosaprepitant regimen was more effective
than the control regimen in both the AP (p = 0.0006) and
the DP (p = 0.0025).

Both of the studies were similar in regard to the CR
rates observed during the AP. In contrast to the findings
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Table 1. The clinical efficacy of fosaprepitant in preventing HEC

CR (%)

(delay phase

703

CR (%)
(overall phase

. . CR (%)
Gkl Group Antiemetic doses (acute phase
dose (mean)
(AP))
e fosaprgpltant 150 mg iv. plus
day 1 S granisetron 3 mg i.v. plus
(before dexamethasone 6 mg orally or i.v.
chemo- ) aprepitant 125 mg orally plus
therapy) - aprfé)ljtant granisetron 3 mg i.v. plus
non-cisplatin group dexamethasone 6 mg orally or i.v.
HEC regimen fosaprepitant
Yang et al.® (148 people) fosaprepitant dexamethasone 3.75 mg orally group: 95.73%
n =645 or cisplatin group every 12h aprepitant
day 2-3 2 ) o
60-80 mg/m aprepitant aprepitant 80 mg orally plus group: 95.90%
(497 people) group dexamethasone 3.75 mg orally
fosaprepitant = dexamethasone 3.75 mg orally every
group 12h
day 4 i
aprepitant dexamethasone 3.75 mg orally
group
) fosaprepitant 150 mg i.v. plus
day 1 fosaprroefltant granisetron 40 ug/kg iv. plus
(before group dexamethasone i.v.
chemo- ) ‘ fosaprepitant
Saito et al.” therapy) cisplatin control group placebo i.v. plus granisetron group: 94%
n=347 76.2 mg/m’ 40 pg/kg iv. plus dexamethasone iv. | control group:
i 81%
fosaprepitant dexamethasone i.v.
day 2-3 group
control group dexamethasone i.v.

(DP)

fosaprepitant

group: 95.73%
aprepitant

group: 93.38%

fosaprepitant
group: 65%
control group:
49%

(OP)

fosaprepitant

group: 89.33%
aprepitant

group: 92.74%

fosaprepitant
group: 64%
control group:
47%

i.v. —intravenously; CR — complete response; HEC — highly emetogenic chemotherapy.

in Chinese patients, the CR rates in Japanese patients were
different in the DP. The dose of cisplatin could have been
a substantial factor causing the disparity. In the Japa-
nese research, the target population was given cisplatin
at a mean dose of 76.2 mg/m?. In contrast, the Chinese pa-
tients were given a non-cisplatin HEC regimen or cisplatin
at 260 mg/m?, which is defined as HEC under treatment
standards (Table 1).

The clinical efficacy of fosaprepitant
in preventing MEC-induced nausea
and vomiting in adults

Fosaprepitant can prevent MEC-induced nausea and
vomiting, especially during the DP. Weinstein et al. se-
lected patients aged >18 years who received non-cyclophos-
phamide MEC.!? All patients were assigned to treatment
with fosaprepitant combined with ondansetron and dexa-
methasone (the observation group) or with ondansetron
and dexamethasone alone (the control group). The study
showed that fosaprepitant significantly enhanced CR
in the DP (78.9% compared to 68.5%; p < 0.001) and OP
(77.1% compared to 66.9%; p < 0.001), but not in the AP
(93.2% compared to 91.0%; p = 0.184), compared to con-
trol. Thus, the anti-nausea efficacy of fosaprepitant was
comparable between the observation and control groups
for acute vomiting, whereas the efficacy was considerable

for delayed vomiting. The adverse response was mild, and
the fosaprepitant regimen was generally well tolerated.
Weinstein et al. randomly allocated patients undergoing
the first day of planned iv. anthracycline-cyclophospha-
mide-based MEC chemotherapy with oral ondansetron
and oral dexamethasone plus a single dose of i.v. fosapre-
pitant (150 mg) or placebo, and found that a single dose
of fosaprepitant was effective and safe in preventing CINV
in different types of cancer.!®

The clinical efficacy
of fosaprepitant in preventing
CINV in pediatric patients

Under the current standard of care, antiemetic regimens
are more effective in adults than in children. When com-
pared to adults, children exhibit differences in bioavail-
ability, absorption, volume of distribution, and hepatic
and renal clearance. Another factor is the widespread use
of multiple-day chemotherapy regimens in pediatric pa-
tients, which are used less frequently in adult patients.!*
However, some studies have shown that fosaprepitant
can effectively prevent the CINV associated with MEC
in pediatric patients. Radhakrishnan et al. selected pa-
tients aged 1-12 years who received MEC from the India
Cancer Institute.!® Patients were randomly divided into
an observation group and a control group. In that study,
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patients in the fosaprepitant arm received 3 mg/kg (maxi-
mum 150 mg) of fosaprepitant as a 30-minute i.v. infusion
in 100 mL of normal saline. The study showed that the CR
for acute vomiting in the observation group (86%) was con-
siderably higher than in the control group (60%; p < 0.001),
and the CR for delayed vomiting in the observation group
(79%) was significantly higher than in the control group
(5%; p < 0.001). Overall, the CR in the observation group
(70%) was higher than in the control group (40%; p < 0.001),
which indicates that the anti-nausea efficacy of fosaprepi-
tant was significant. In addition, the adverse response was
mild and tolerable.!®

In a Chinese trial on the prevention of CINV with
the use of fosaprepitant in children with tumors, a total
of 122 children were enrolled (62 in the fosaprepitant group
and 60 in the aprepitant group).’® In this study, patients
aged 2—-12 years received fosaprepitant at a dose of 3 mg/kg
(maximum 150 mg). The proportions of AP, DP and OP
reaching CR (no vomiting rate) were 88.5%, 71.3% and
65.6%, respectively. Fosaprepitant also had a greater CR
than aprepitant in preventing acute vomiting (p < 0.05).
There were no differences between the 2 groups in terms
of adverse responses, and the drugs were well tolerated.

Recently, from August 2015 to January 2017, a retrospec-
tive chart review characterized the usage of fosaprepitant
in patients aged from 10 months to 18 years at a single
hospital.'” The study included 35 patients who got fosapre-
pitant at a dose of 4 mg/kg (maximum 150 mg) for CINV
prophylaxis. A follow-up phone call was made to 10 pa-
tients aged =5 who received fosaprepitant after October
2016 to assess the control of delayed CINV. During the AP,
89% exhibited complete control of emesis, while 63% pre-
sented complete control during the DP, and 60% exhibited
overall control of emesis. These results provide evidence
that fosaprepitant is safe and effective in the prevention
of CINV in pediatric patients as young as 10 months. How-
ever, because the above studies were all single-center, small
sample clinical trials, more randomized controlled multi-
center clinical trials are needed to determine the efficacy
and safety of fosaprepitant for the treatment of CINV
in pediatric patients.

In April 2018, the U.S. Food and Drug Administration
(FDA) approved the use of fosaprepitant in children over
the age of 6 months.® The FDA recommends fosaprepitant
doses of 5 mg/kg (age: 6 months—2 years) and 4 mg/kg
(age: 2—12 years) capped at 150 mg and infused over 1 h.
On day 1, children under the age of 12 receive 3 mg/kg
fosaprepitant (maximum: 115 mg) administered over 1 h,
followed by an oral 2 mg/kg aprepitant suspension (maxi-
mum: 80 mg) on days 2 and 3.

According to pharmacokinetic studies, children un-
der the age of 12 convert fosaprepitant to aprepitant
in the blood more slowly than adults and have a lower
mean area under the curve (AUC). Hence, children under
the age of 12 required greater doses to achieve exposures
comparable to adults.!
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Efficacy comparison
for fosaprepitant and aprepitant

Aprepitant is a NK-1RA and fosaprepitant is a prodrug
of aprepitant that is activated in the bloodstream after
iv. delivery. In contrast to aprepitant, fosaprepitant may
be beneficial for individuals who are unable to take oral
antiemetics during a bout of nausea or vomiting.!® In order
to compare the efficacy and safety of fosaprepitant and
aprepitant, Zhang et al. designed a randomized, double-
blind, non-inferiority clinical study in which 644 patients
receiving cisplatin-based chemotherapy were randomized
to fosaprepitant or aprepitant groups. In this study, it was
found that the antiemetic effects of fosaprepitant and
aprepitant were comparable (71.96% compared to 69.35%,
p = 0.4894)." Therefore, these 2 drugs have the potential
to have a positive impact on daily life by easing the com-
pletion of a patient’s clinically prescribed chemotherapy
treatment.

According to a randomized controlled trial, the use
of aprepitant and fosaprepitant for the treatment of CINV
in patients with gynecological cancer showed no significant
differences between the 2 groups in the AP and DP of cycle
1 chemotherapy.?® This study also showed that both i.v. fo-
saprepitant and oral aprepitant were effective in preventing
vomiting, and had a beneficial effect on patients’ qual-
ity of life. In another study conducted in Japan, a 5-day
administration of aprepitant and a single administration
of fosaprepitant for the prevention of nausea and vomit-
ing caused by cisplatin-induced HEC were compared.?!
The results showed no significant differences between
groups in the rate of complete remission and the complete
control rate of vomiting during the entire treatment period.
Nausea scores in both groups tended to increase from day
3, but there was no statistical significance between groups.

These results demonstrate that a single dose of fosa-
prepitant improves the antiemetic effects of conventional
5-HT3RAs and corticosteroid therapy compared to stan-
dard therapy alone, and may have an efficacy comparable
to the recommended 3-day aprepitant regimen.

Safety and drug interactions
for fosaprepitant

Fatigue, diarrhea, constipation, sleeplessness, vertigo,
local pain at the injection site, and other side effects of fo-
saprepitant can occur throughout the therapeutic pro-
cess. Other adverse responses are minor and acceptable
(p > 0.05),'% and the incidence of diarrhea and vertigo
is lower than in the control group (p < 0.05). Other adverse
responses, including hiccups, headache and serious ad-
verse event (SAE; anaphylactic reaction) to the medication,
were reported by only a few children in one of the pediat-
ric cancer treatment studies, and there was no mortality
in the first cycle.!*
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Drug interactions associated with fosaprepitant should
be considered when selecting an antiemetic therapy. A re-
port by Patel et al. stated that concomitant administra-
tion of aprepitant and alcohol can cause impaired cog-
nitive function, the simultaneous use of aprepitant with
vincristine and isocyclophosphamide can cause neuro-
toxicity, and a combination with quetiapine can induce
drowsiness.?? They have also shown that there may be
local reactions at the infusion site when fosaprepitant and
anthracycline drugs are given via the same peripheral i.v.
route.?? In general, adverse effects of fosaprepitant are
slight, the drug is significantly safe for children, women,
the elderly and patients with renal insufficiency, and there
is no need to change their prescripted dosage.

Discussion

More than 90% of the vomiting caused by chemotherapy
medicines is delayed vomiting, with a prevalence of more
than 60%. This usually relates to inadequate control
of acute CINV or the use of cisplatinum, Cytoxan, Para-
platin, or doxorubicin. The severity of the vomiting reaches
its peak after 2—4 days of chemotherapy. Although the fre-
quency of delayed vomiting is not as high as acute vomiting,
itis difficult to control and normally lasts long. As a result,
preventing delayed vomiting remains a challenge.?3

The ability of NK-1RAs to bind to the NK-1R with great
selectivity and potency in order to inhibit the activity of sub-
stance P offers a new treatment option for CINV.2* The NK-
1RAs have a considerable anti-nausea effect. Most people
can tolerate these drugs because they are safe and induce
only minor adverse reactions. The i.v. injection of fosaprepi-
tant, the phosphate prodrug of aprepitant, is more practical
for patients during nausea and vomiting than the admin-
istration of oral antiemetics. The efficacy of a single dose
of fosaprepitant is comparable to that of aprepitant, allow-
ing the antiemetic regimen to be simplified. Fosaprepitant
has become one of the most important medications in anti-
emetic therapy. At present, the brand name “fosaprepitant”
is still not available in the Chinese market. Jiangsu Hansoh
Pharmaceutical Group Co., Ltd. produces genericized fo-
saprepitant (Tannen), which is the first injectable NK-1RA
licensed for sale in China. According to clinical research,
fosaprepitant (Tannen) is well tolerated and has a similar
safety profile to aprepitant.?? The launch of domestic fo-
saprepitant will give Chinese patients more options for
CINV treatment. However, there are still very few domestic
clinical studies for fosaprepitant, particularly in children.
More clinical trials are needed to support the appropriate
usage of NK-1RAs in clinics.

Other recently developed antiemetics, such as Zyprexa,
Akynzeo and Varubi, are approved for marketing. In order
to prevent CINV in adults receiving cisplatin and other
highly emetic single agents, as well as in adults receiving an-
thracycline combined with cyclophosphamide, the updated
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American Society of Clinical Oncology (ASCO) antiemetic
guidelines advise the addition of olanzapine (Zyprexa)
to a NK1-RA, a 5-HT3RA and dexamethasone.?®

Two published phase 3 studies compared olanzapine
with aprepitant (both in combination with a 5-HT3RA and
dexamethasone). Both studies showed that the 2 treatment
plans had equal effects on CINV during the immediate
period (0—24 h after chemotherapy), but olanzapine was su-
perior to aprepitant at controlling nausea during the later
phase (0-120 h after chemotherapy).2-?”

For the prevention of immediate and delayed nausea and
vomiting brought on by moderately and highly emetogenic
cancer chemotherapy, netupitant/palonosetron (NEPA/
Akynzeo) is recommended in the EU for adults. In one trial,
patients receiving cisplatin-based HEC were randomized
to either NEPA (plus dexamethasone) or aprepitant (plus
granisetron and dexamethasone) groups. The NEPA showed
non-inferiority to aprepitant for the key efficacy end objec-
tive over the course of CINV (73.8% compared to 72.4%).28

Rolapitant (Varubi) is also a novel NK-1RA that was ap-
proved by FDA in 2015 for the prevention of delayed CINV
with MEC and HEC. It has definite advantages over apre-
pitant and NEPA. First, it has no CYP3A4 inhibitory or in-
ducing effects, which restricts the ability to alter the dose
of dexamethasone, a requirement for the use of aprepitant
and NEPA. Unlike aprepitant, rolapitant is administered
as a one-time dose.?

Future studies should be conducted in this area because
it is unclear whether employing a NK-1RA will increase
the effectiveness of nausea control. In comparison to exist-
ing agents, newer ones may provide important advantages
in terms of better nausea control, tolerability, formula-
tion options, and therapeutic plasma levels during the AP
of CINV. These newer agents also give clinicians more op-
portunities to maximize the advantages of this significant
class of antiemetics.?°

Limitations

This article only describes the efficacy of fosaprepitant
in adults and children. The use of this medication in spe-
cial populations (elderly, hepatic and renal insufficiency,
etc.) has been less studied, thus caution should be exercised
in its use. More prospective clinical studies are needed
to prove its efficacy and safety, and the efficacy of fosapre-
pitant and aprepitant in controlling various types of vom-
iting remains controversial, requiring more clinical trials
or meta-analyses to confirm.

Conclusions

Fosaprepitant is effective and safe in the treatment of can-
cer patients receiving HEC. As an antiemetic therapy, this
may be a better option. In general, fosaprepitant has a large
market potential and is worthy of clinical promotion.
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Abstract

(ardiac pacemaker implantation is an important treatment for symptomatic bradycardia. However, epi-
demiological data show that the incidence of atrial fibrillation (AF) is significantly higher in patients with
implanted pacemakers than in the general population, which may be related to the preoperative presence
of multiple risk factors for AF, improvement of diagnostic sensitivity and the pacemakeritself. The pathogenesis
of AF after the implantation of pacemaker is related to cardiac electrical remodeling, structural remodeling,
inflammation, and autonomic nervous disorder, which are induced by the pacemaker. Moreover, different
pacing modes and pacing sites have various effects on the pathogenesis of postoperative AF. Recent studies
have reported that reducing the proportion of ventricular pacing, improving the pacing site and setting up
special pacing procedures might be highly useful in prevention of AF after pacemaker implantation. This
article reviews the epidemiology, pathogenesis, influencing factors, and preventive measures regarding AF
after pacemaker surgery.

Key words: pathogenesis, atrial fibrillation, pacemaker implantation, pacing modes, pacing sites
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Introduction

Cardiac pacemaker implantation is an important treat-
ment for symptomatic bradycardia.! In recent years,
the prevalence of atrial fibrillation (AF) after pacemaker
implantation has gradually increased, which may be related
to the preprocedural presence of multiple risk factors for
AF, improvement of diagnostic sensitivity and the pace-
maker itself.?~* The parameters and mode setting after
the pacemaker implantation, such as atrial and/or ven-
tricular pacing mode, atrioventricular (AV) interval and
AV synchronization, may prevent AF, but they might also
contribute to the initiation and maintenance of AF.2° This
article reviews the epidemiology, pathogenesis, influenc-
ing factors, and preventive measures regarding AF after
pacemaker surgery.

Epidemiology

Atrial fibrillation is age-related, and the results of vari-
ous studies have demonstrated that its incidence increases
with age.® Similarly, in elderly patients, sinus node and AV
node diseases requiring permanent pacemaker implanta-
tion are more common. Previous findings suggest that
the annual incidence of AF after pacemaker implanta-
tion is 25%, the annual incidence of chronic persistent
AF is approx. 3%, the average cumulative incidence of AF
is as high as 24.5-40%, and the average cumulative in-
cidence of chronic AF is approx. 20%, which are all sig-
nificantly higher than for people without pacemaker.”®
After analyzing several large-scale clinical trials,®~* we
concluded that the incidence of AF varied significantly
across studies, possibly because of the different study
populations, follow-up times, AF-endpoint definitions,
and pacing modes.

The mode selection (MOST) trial'® selected patients
with sick sinus syndrome, whereas the United Kingdom
Pacing and Cardiovascular Events (UKPACE) trial'* ex-
cluded the sick sinus population and selected patients with
AV block who were >70 years old. In the Physical Activity
Scale for the Elderly (PASE) trial,!! the average follow-up
time of all elderly patients enrolled was 18 months, and
the incidence of AF after pacemaker implantation was 18%.
The MOST trial®® found that the incidence rate of AF was
22.5% after 33 months of follow-up, and the Canadian Trial
of Physiological Pacing (CTOPP)® had a follow-up time
of 42 months, during which the annual rate of AF was 6.0%.
Furthermore, the AF-endpoint definition varied among
the studies, which may be the main reason for the great dif-
ferences in the results. The Search AV Extension and Man-
aged Ventricular Pacing for Promoting Atrioventricular
Conduction (SAVE PACe) trial'? defined AF as persistent
AF lasting 222 h per day for >7 consecutive days; the Dan-
ish Multicenter Randomized Trial on Single Lead Atrial
versus Dual Chamber Pacing in Sick Sinus Syndrome
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(DANPACE) trial'® included the incidence of paroxysmal
and chronic persistent AF, in which paroxysmal AF was
defined as AF first identified in follow-up electrocardio-
gram (ECG) or pacemaker recording, and persistent AF
was defined as AF found in at least 2 consecutive follow-up
ECGs; the MOST trial'® and PASE trial'* did not distin-
guish the types of AF and only based their AF definitions
on the results of 1 ECG examination. Finally, there were
also significant differences in the pacing modes among
the studies. The MOST trial'® and PASE trial'! mainly
observed the effects of rate-adaptive ventricular pacing
(VVIR) and rate-adaptive dual-chamber pacing (DDDR)
on AF, and the prospective multicenter SAVE PACe clini-
cal trial'? was the first to evaluate dual-chamber minimal
ventricular pacing.

Diagnostic value
of pacemakers in AF

The above studies have shown that the incidence of AF
was higher with than without pacemaker implantation,
which may be related to the pacemaker improving the sen-
sitivity of AF diagnosis and the impact of the pacemaker
on AF.2~* For patients with implanted pacemakers, the de-
vice automatically records and stores the atrial high-rate
episodes (AHRESs) based on programmable detection al-
gorithms. Studies have shown that AHREs are a reliable
indicator for monitoring atrial arrhythmias.!>!¢ Kaufman
et al. conducted a detailed statistical analysis of 2580 pa-
tients with pacemaker implantation, and the results showed
that when AF was defined as an atrial-wave frequency
>190 beats/min and a duration >6 min, the diagnostic ac-
curacy was 82.7%, and the false positive rate was 17.3%;
if the duration of AHRE was extended to 30 min, 6 h and
12 h, the false positive rate decreased to 6.8%, 3.3% and
1.8%, respectively; if the atrial wave frequency was defined
as >250 times/min, the diagnostic accuracy for AF would
be further improved.!” Sanna also argued that pacemakers
could better detect the occurrence of AF than routine ECG
and Holter monitoring.!®

Although AHRESs are associated with the incidence
of clinical AF, they also have important independent pre-
dictive value for thrombotic stroke and early death.1*2°
In the 2019 American Heart Association (AHA)/Ameri-
can College of Cardiology (ACC)/Heart Rhythm Society
(HRS), the 2020 European Society of Cardiology (ESC),
and the 2020 Canadian Cardiovascular Society (CCS)/Ca-
nadian Heart Rhythm Society (CHRS) AF guidelines,*-2
regular evaluation for AHREs among patients with cardiac
implantable electronic devices is recommended (class I),
which could prompt further evaluation to document clini-
cally relevant AF characteristics and guide anticoagula-
tion treatment decisions. However, the threshold dura-
tion of AHRESs that warrants anticoagulation is unclear,
whereas a wide range of AHRE duration cutoffs (from
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10-20 s to >24 h) is reported in studies on the associa-
tion of subclinical AF with thromboembolism. A meta-
study of 18,943 patients found a significantly increased
risk of thromboembolic events in patients with an AHRE
burden >6 min compared with the no-AHRE group (haz-
ard ratio (HR): 1.82; 95% confidence interval (95% CI):
1.32-2.51), and there was no clear linear relationship be-
tween the increasing burden of AF and risk of stroke.?*
In Atrial Fibrillation Reduction Atrial Pacing Trial (AS-
SERT),?> AHRE duration >24 h significantly increased
the risk of ischemic stroke or systemic embolism (adjusted
HR: 3.24, 95% CI: 1.51-6.95, p = 0.003) with an event rate
of 3.08%/year. There was no increased risk of stroke for
AHRE duration between 6 min and 24 h. Hence, the 2019
AHA/ACC/HRS and the 2020 ESC guidelines recommend
complete cardiovascular evaluation with the AHRE dura-
tion, ECG recording, thromboembolic risk assessment,
and preferences to determine whether to initiate long-
term anticoagulation, while the CCS/CHRS guidelines
recommend that patients with AHRE duration >24 h be
treated with anticoagulation if they have stroke risk
factors.

Related studies have reported that the incidence
of AHRESs after pacemaker implantation was approx. 10%
in half a year and approx. 35% in 2.5 years.?® Kawakami
etal. found that 48% of patients had at least 1 AHRE during
a follow-up period of 52 +30 months.?” Implantable devices,
such as cardiac pacemakers, can increase the incidence
of AHRESs, which may be associated with P-wave dispersion
in sinus rhythm.?® Due to the loss of AV synchrony and ir-
regular ventricular cycle, pacemaker-related new-onset AF
leads to reduced cardiac output and acute hemodynamic
changes, thus increasing the risk of worsening heart failure
and reducing patient survival.?30

Mechanism of pacemaker
implantation-induced AF

Cardiac electrical remodeling

The nonphysical ectopic pacing of the heart caused
by a pacemaker would cause a disorder in the electrical
excitation sequence and frequency, and then lead to ab-
normal changes in cardiac electrical characteristics, in-
cluding ion channels, electrical coupling and electrical
conduction properties. The opening and closing of ion
channels in the myocardial cell membrane cause ion
transmembrane movement and form an action potential,
which produces electrical excitation under the action
of cardiac electrical coupling.?* However, pacemaker-
mediated cardiac pacing cannot completely simulate
the pacing mode in the physiological state. As an ectopic
pacing, it is easy to cause action potential remodeling and
abnormal changes in ion channels in the myocardial cell
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membrane, thus leading to myocardial electrical distur-
bance.??33 Reduction of transient outward K* current (Ito),
which plays a key role in the first phase of action poten-
tial repolarization, is the most important of the changes
in ion channels after pacemaker implantation. The de-
crease in Ito would cause imbalances of potassium and
calcium concentrations inside and outside of cells and lead
to abnormal changes in electrical conductivity.3* A long-
term electrical remodeling would result in more complex
variability in cardiomyocyte transmembrane ion flux,
including inactivation of the fast sodium channel (INa),
increased expression of slowly activating delayed recti-
fier potassium (IKs) channels and decreased density of Ito
channels and L-type calcium (ICa-L) channels; all 3 disrupt
the normal electrophysiological coordination of myocar-
dium.*>-%” Moreover, persistent changes in the properties
of ion channels would lead to abnormal myocardial excita-
tion—contraction coupling and changes in the number and
distribution of gap junction proteins (such as connexin 43)
between cardiomyocytes.?”8 Therefore, it can be inferred
that abnormal changes in ion channels in the myocardial
membrane and electrical coupling caused by pacemakers
eventually promote re-entry and lead to AF (Fig. 1). In addi-
tion, long-term exogenous electrode stimulation produced
by a pacemaker causes the enlargement of the left atrium
and leads to myocardial stretch, which has been proven
to slow myocardial electrical conduction velocity, shorten
the effective refractory period and increase the conduction
anisotropy in the atrium.3?-4

Cardiac structural remodeling

Cardiac structural remodeling caused by pacemaker
implantation is an adaptive response of the heart to he-
modynamic changes or other exogenous factors, includ-
ing cardiomyocyte hypertrophy, apoptosis and interstitial
fibrosis, which would result in cardiac dilation and dys-
function (Fig. 1).4243

The mechanism of cardiomyocyte apoptosis caused
by pacemaker implantation includes 2 main aspects.
On the one hand, abnormal electrical excitation caused
by pacemaker implantation leads to changes in cardiac
mechanical contraction. Under the influence of long-term
nonphysiological electrical excitation and mechanical con-
traction, cardiomyocytes in the electrode implantation
site and its adjacent areas undergo a series of abnormal
changes, including cardiomyocyte arrangement disorder,
endoplasmic reticulum aggregation, mitochondrial mor-
phological variation, calcification, and even apoptosis.**
On the other hand, the hemodynamic changes caused
by permanent pacemaker implantation contribute to in-
creased atrial afterload, which leads to compensatory
hypertrophy of cardiomyocytes, and induce the release
of a series of neuroendocrine substances (such as tumor
necrosis factor alpha (TNF-a) and angiotensin II), and
leads to cardiomyocyte apoptosis.>*>4¢ Hypertrophy and
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apoptosis of cardiomyocytes in the atrial region can cause
abnormal changes in local electrical conductivity and
eventually lead to AF. Permanent pacemaker implanta-
tion can cause changes in myocardial stroma. The myo-
cardial interstitium is mainly filled with fibroblasts, which
have electrophysiological characteristics different from
those of the surrounding cardiomyocytes. Interstitial fi-
brosis promotes abnormal changes in cell coupling as well
as the nonuniform and multidirectional transmission
of electrical pulses, ultimately leading to AF.748

Under the action of various nonphysiological electrical
stimulations, the atrial connective tissue tends toward
fibrosis and redistribution, and the atrial morphological
structure changes in order to compensate for the effect
of various exogenous mechanical, chemical and electrical
stimulations caused by the implantation of pacemaker.*>4°
The long-term left and right ventricular systolic and dia-
stolic asynchrony and the change in AV pacing sequence
caused by pacemaker implantation leads to hemodynamic
changes, such as increased left ventricular end-diastolic
pressure, decreased ventricular stroke volume and de-
creased ejection fraction in terms of mechanical outcomes,
resulting in increased left atrial (LA) afterload and an en-
larged left atrium.*>° Furthermore, abnormal AV systole

and diastole would contribute to mitral regurgitation, and
increase LA diastolic filling and LA preload, ultimately
leading to left atrium enlargement.” As a result of clini-
cal observation, the incidence of AF is significantly higher
in patients with LA enlargement, and there is a clear causal
relationship between the two.>>%3

Inflammation

Many studies have shown that inflammation is closely
related to AF.>*>® The exogenous stimulation of electrodes
and wires of the pacemaker can induce an inflammatory
response.®® Previous studies have found that the inflam-
matory mediators such as interleukin 6 (IL-6) and TNF-«
could downregulate the expression of cellular junction
proteins and promote abnormal changes in cardiac elec-
trical conductivity.>” Moreover, C-reactive protein (CRP),
a core expression of the inflammatory response, can bind
to phosphatidylcholine on the surface of the cardiomyo-
cyte membrane, thereby affecting sodium—calcium ex-
change and leading to cardiac electrical remodelling.”®
Therefore, the release of inflammatory mediators induced
by exogenous stimulation from the implantation of a pace-
maker may lead to AF by regulating local cardiomyocyte
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junctional proteins and intracellular calcium homeostasis
(Fig. 1). Additionally, a long-term pacemaker implanta-
tion induces atrial enlargement, and the resulting stretch
can strongly stimulate the release of angiotensin II.6%¢!
The activation of the renin—angiotensin—aldosterone
system could be involved in the inflammatory response,
which promotes interstitial fibrosis and eventually leads
to AF (Fig. 1).50¢

Autonomic nervous disorder

An important cause of the occurrence and development
of AF is abnormal autonomic nerve function.®*% It can
lead to abnormal release of various neurotransmitters and
regulate the ion permeability of the cardiomyocyte mem-
brane, causing damage to some ion channel activities and
changes in cellular electrical activity, which finally con-
tributes to AF by affecting trigger potential, autonomy and
re-entry.%2%3 Right ventricular pacing (RVP) can strongly
enhance sympathetic nerve activity, whereas dual-chamber
(DDD) pacing has a similar role in the autonomic nervous
system.®*% Therefore, pacemaker implantation can induce
AF through autonomic nervous disorder (Fig. 1).

Effects of different
pacing modes on AF

Pacing modes are mainly divided into 2 categories: sin-
gle-chamber pacing (atrial (AAI) and ventricular single
chamber (VVI) pacing) and dual-chamber pacing (DDD
pacing).®” Given that the better understanding of natural
course of conduction disturbances in patients with pace-
makers have rendered AAI pacing clinically obsolete, and
VVI pacing is inapplicable in patients without preproce-
dural AF, they are not to be discussed.

Dual-chamber pacing can maintain synchroniza-
tion of AV conduction, and thus it has been considered
a physiological pacing mode. However, a series of large-
scale clinical trials, such as CTOPP, MOST and UKPACE,
challenged this traditional thinking.!*1%%8 It has been
found that compared with single-chamber pacing, DDD
pacing cannot reduce mortality or major cardiovascu-
lar events.!>*68 Electrophysiological studies of the left
atrium found that most patients exhibited intra-atrial
conduction block, especially the elderly and those with
an enlarged left atrium.®>7° When the intra-atrial block
is 70 ms in sinus rhythm, it may be prolonged to 120
ms during right atrial (RA) pacing. Furthermore, the in-
tra-atrial block can delay LA activation by >130 ms.”!
If the AV interval is set to 120 ms (the factory default
value for most pacemakers), the AV interval of the left
atrium and ventricle will be very short or even negative;
that is, the left atrium would be activated after the left
ventricle.”t”? Given the short AV interval setting, DDD
pacing patients received a large number of unnecessary

m

RVD, so the seemingly physiological dual-chamber pacing
can cause a distinctly “non-physiological” hemodynamic
state.”>7

In the MOST trial, 2010 patients were implanted with
DDD or VVI pacemakers, respectively. The rate of AF
was observed in 1399 patients (69.6%). Of these 1339, 707
(52.8%) were randomly assigned to the DDD group and 632
(47.2%) to the VVI group. After 6 years of follow-up, there
were no significant differences in various clinical end-
points between the VVI and DDD groups, and the differ-
ence in the incidence of AF was 2.1% (p > 0.05). In the VVI
group, RVP accounted for 58% of the total ventricular
events, whereas in the DDD group, it accounted for 90%,
especially in patients with pure sinoatrial node disorder.
In a further subgroup analysis, Sweeney et al. studied
the relationship between the RVP ratio and the incidence
of AF.13 In the VVI group, the incidence of AF was 21%
in patients with a RVP ratio <10% and 29% in patients
with a RVP ratio of 50-90%. The association was stronger
in the DDD group. The incidence of AF was 16% in patients
with a pacing ratio <10% and 32% in patients with a pac-
ing ratio of 50-90%. Moreover, Cheung et al. found that
in patients with a DDD pacemaker implanted for sick sinus
syndrome, a cumulative RVP ratio 250% increased the risk
of AF by twofold (HR: 2.2, 95% CI: 1.0-4.7, p = 0.04).”
Wu et al. came to a similar conclusion.”®

Relationship between
atrial pacing site and AF

In addition to the pacing mode, the location of the atrial
electrodes can also influence the AF occurrence. Atrial
electrical asynchrony can be induced during atrial ap-
pendage or high RA pacing. Also, the pacing P-wave
reflected on the ECG is wider than the sinus P-wave.”’
Moreover, compared with pacing at the low atrial septum
(LAS) near the coronary sinus ostium or the high atrial
septum near the Bachmann’s bundle, atrial appendage
or high RA pacing was more likely to induce AF.”#7° Dur-
ing atrial septal pacing, the P-wave is even narrower than
the sinus P-wave, possibly due to the Bachmann’s bundle
linking to the connecting fibres in the atria and coronary
sinus.”®80 Therefore, in DDD mode, the incidence of AF
is lower in the pacing near the Bachmann’s bundle than
in the right atrial appendage (RAA) pacing. Similarly,
atrial overdrive pacing is more effective in preventing
AF in the lower atrial septum than in the RAA.”® Fur-
thermore, the RAA or high RA pacing would prolong
AV conduction, resulting in left AV asynchrony (P-wave
is located in the T-wave on the ECG) causing pseudo-
pacemaker syndrome.®! During low atrial septal pacing,
the duration of AV conduction is shortened, so that under
the same AV interval setting, compared with RA pacing,
the RVP ratio will be significantly reduced, which can
effectively prevent AF.7%82
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Prevention of AF
after pacemaker implantation

The occurrence of AF affects cardiac pacemaker func-
tion and increases the risk of embolic events and heart
failure, thus significantly reducing the quality oflife of pa-
tients and causing a huge economic burden. Therefore,
it is of great clinical importance to effectively prevent AF
after the implantation of a permanent pacemaker.

Reducing the percentage of RVP

Long-term RVP can cause systolic and diastolic asyn-
chrony in various segments of the ventricular wall, which
results in decreased ventricular systolic function, increased
mitral regurgitation and increased atrial pressure, thereby
promoting the occurrence and maintenance of AF.8%84
Right ventricular pacing with retrograde AV conduction
would significantly increase the atrial pressure and cause
pulmonary venous reflux, resulting in significant pulmo-
nary vein dilatation, which may be a potential inducement
of AF.%5 Even in the absence of retrograde AV conduction,
sinus atrial activation can periodically appear after right
ventricular (RV) activation, similarly to RVP with retro-
grade transmission. Another predisposing factor for AF
is mitral regurgitation during RVP, which can increase
pulmonary wedge pressure and the risk of AF.3¢ Elevated
brain natriuretic peptide (BNP) during RVP may reflect
increased atrial pressure and the potential risk of AF.8
In addition, animal and human experiments have shown
that RVP can increase the ratio of myocardial oxygen con-
sumption to left ventricular output and myocardial oxygen
consumption, which can aggravate myocardial ischemia
and heart failure, thereby promoting AF.3%% Furthermore,
long-term AV asynchrony leads to mechanical and electri-
cal remodeling of the atrium, which is conducive to AF
and the formation of LA appendage thrombosis. A 10-year
follow-up study showed that the incidence of AF was 85.7%

Reduce ventricular pacing
® AV Search+
e ventricular pacing management
e ventricular intrinsic preference algorithm

® dynamic AV delay

Special pacing algorithms
e continuous atrial overdrive pacing

o triggered atrial overdrive pacing

Change the pacing site

biatrial or right atrial bi-site pacing e

right-ventricular septal pacing e

e metoprolol

e SGLT2i

® Wenxin Keli
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in VVImode compared to 37.4% in non-VVI mode, which
confirmed that RVP is more likely to induce AF than AAI
or DDD pacing.”®

Several pacemaker companies have successively devel-
oped various functions to reduce RVP, such as AV Search+,
Managed Ventricular Pacing (MVP), ventricular intrinsic
preference algorithm, and dynamic AV delay (Fig. 2). Al-
though these programs are named differently, the basic
principle of preventing AF is to reduce unnecessary ven-
tricular pacing.®3”! The SAVE PACe trial enrolled 1065 pa-
tients with sick sinus syndrome, randomized to the con-
ventional dual-chamber pacing group and dual-chamber
minimal ventricular pacing group.!? During an average
follow-up of 1.7 £1.0 year, the results showed that the me-
dian percentage of RVP in the conventional pacing group
was 99%, and 68 patients in the group (12.7%) developed
persistent AF, whereas the median percentage of RVP
in the minimal ventricular pacing group was 9.1%, and
42 (7.9%) patients developed persistent AF (p < 0.001 and
p = 0.004, respectively). Minimal RVP could greatly re-
duce the risk of ventricular dyssynchrony and persistent
AF, with an absolute risk reduction of 4.8% and a relative
risk reduction of 40.0%. The MINimizE Right Ventricu-
lar Pacing to Prevent Atrial Fibrillation and Heart Failure
(MINERVA) trial also showed that MVP significantly re-
duced mortality, need for hospitalization for cardiovas-
cular events and the incidence of permanent AF.”> Con-
versely, a meta-analysis by Shurrab et al. demonstrated
that compared with standard DDD pacing, ventricular
pacing reduction modalities did not reduce the incidence
of persistent AF, nor did they reduce the hospitalization
and mortality rates for heart failure.”® The poor prognosis
may be related to the significant prolongation of the AV
interval allowed by MVP.?* Pacing in the DDD mode likely
prevented further episodes of atrial tachycardia by prevent-
ing long AV intervals, unlike the MVP mode, which per-
mits long AV intervals as long as a ventricular event occurs
before the subsequent atrial-paced or atrial-sensed event.

Fig. 2. Prevention of atrial
fibrillation (AF) after
pacemaker implantation

low atrial septum pacing e ARNI - angiotensin

receptor-neprilysin
inhibitor; AV - atrioven-
tricular; SGLT2i - sodium
glucose cotransporter 2
inhibitors.

His-bundle pacing e

Drug prophylaxis

o diltiazem

® ARNI

e canakinumab
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Changing the pacing site

The RAA contains the pectinate muscle, in which
the pacing electrodes are easy to place, so it is the tradi-
tional atrial pacing site. However, studies have shown that
RAA pacing changes the normal atrial pacing conduction
sequence, increases the intra-atrial conduction time and
makes the left and right atria asynchronous, which con-
tributes to mitral valve regurgitation, increases the LA
pressure and eventually leads to atrial structural and me-
chanical remodeling and an increased incidence of AF.7>%
Therefore, scholars have proposed reducing burden of AF
after pacemaker implantation by changing the atrial pac-
ing site (Fig. 2).

At present, the feasible atrial pacing sites mainly in-
clude LAS pacing and multisite atrial pacing (biatrial
or RA bi-site pacing). Minamiguchi et al. found that
compared with RAA pacing, LAS pacing could reduce
the incidence of AF after pacemaker implantation in pa-
tients with sick sinus syndrome from 19.0% to 5.9%, and
prevent persistent AF.°” Zhang et al. agreed that LAS pac-
ing can reduce AF burden, and proved the safety of septal
pacing.”® Multisite atrial pacing mainly refers to biatrial
pacing and RA bi-site pacing, and its electrophysiological
mechanisms for the prevention of AF include the follow-
ing: improving atrial depolarization and/or repolarization
and ameliorating anisotropic conduction in the atrium,
shortening the intra-atrial conduction time and restoring
the synchronization of electrical activity in both atria,
and shortening the atrial refractory period and reduc-
ing the dispersion of the atrial refractory period.?®1%°
For patients with intra-atrial block, i.e., the P-wave time
in the ECG >120 ms, the benefit of multisite atrial pacing
is more obvious. Moreover, biatrial pacing can eliminate
premature atrial contraction (an inducement of AF), and
prevent AF initiation with programmed atrial stimula-
tion.!% In a study by Lewicka-Nowak et al. on RA bi-site
pacing in 97 patients with sick sinus syndrome, AF was
converted to sinus rhythm by preprocedural administra-
tion of drugs or electrical cardioversion, and the atrial
electrodes were then implanted into the Bachmann’s bun-
dle and coronary sinus.!%? After 2 years of follow-up, com-
pared with sinus rhythm, the P-wave time of RA bi-site
pacing was significantly shortened, and 90% of the pa-
tients showed no AF after surgery. However, some studies
have found that RA bi-site pacing could not significantly
reduce the incidence of AF, but due to the more compli-
cated and subtle operation, it increased the operation
time and X-ray exposure, as well as the dislocation rate
of the atrial electrodes.”” Moreover, it should be noted
that the programmed atrial stimulation is not routinely
programmed nor endorsed by guidelines. Therefore, fur-
ther studies are needed.

The ventricular pacing sites also affect the incidence
of AF after the implantation of a pacemaker. In patients
with RVDP, apical activation of the heart gradually spreads
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to the bottom, causing a significant delay in left ventricular
contraction.!®® More ideal ventricular pacing sites, such
as the ventricular septum, His bundle or left bundle area,
can achieve pacing through the His—Purkinje system and
make the ventricular activation close to the physiologi-
cal conduction sequence, thus enabling synchronization
between the left and right ventricles to be maintained,
which could help in keeping smooth hemodynamics
(Fig. 2).104-106 A meta-analysis noted that RV septal pacing
resulted in narrower QRS complexes than apical pacing,
which improved interventricular dyssynchrony and left
ventricular ejection fraction (LVEF), ultimately reducing
the incidence of AF.1” Compared with RV apical pacing,
RV outflow tract pacing is closer to the physiological state,
which has the advantages of ventricular synchronous ac-
tivation, reduced myocardial perforation complications,
shorter QRS wave duration, and better hemodynamics.1%®
Furthermore, a retrospective study of patients receiving
different ventricular sites found that patients who re-
ceived His-bundle pacing had a lower rate of AF occur-
rence (16.9%) than those who received RV septal and RV
apical pacing (25.7% and 28.0%, respectively).!% Another
prospective cohort study indicated that, during a mean
follow-up of 11.1 months, left bundle pacing resulted
in a significantly lower incidence of new-onset AF (7.4%
compared to 17.0%, p<0.001) than RVP. Moreover, after
adjusting for confounding factors predisposing to AF, only
left bundle pacing was an independent protective factor
for decreasing the risk of new-onset AF.1? Researchers
are constantly looking for new ventricular pacing sites
to avoid asynchronous contraction between ventricles, so
as to reduce the risk of AF after pacemaker implantation.
His-bundle pacing and left bundle branch area pacing are
the 2 most common physiological pacing strategies.!!112
We look forward to more clinical evidence and experimen-
tal data to confirm their benefits.

Algorithms to prevent AF

Several pacemaker companies have introduced special
pacing algorithms to prevent AF attacks, mainly in 2 cat-
egories: continuous atrial overdrive pacing (CAOP) and
triggered atrial overdrive pacing (Fig. 2). The possible
mechanisms are as follows: 1) suppressing premature atrial
contractions and short bursts of atrial tachycardia through
atrial overdrive pacing, thereby eliminating triggering fac-
tors of AF; 2) atrial pacing reducing repolarization time;
3) improving bradycardia and long interval to prevent bra-
dycardia-related AF; and 4) shortening the compensatory
interval after premature atrial contraction and reducing
the short-long sequences.!13114

Lewalter et al. observed the heart rhythm before the on-
set of AF in 126 patients and demonstrated that the AF
diagnostics and preventive algorithms could reduce
the AF burden by 28% in patients whose AF was mainly
triggered by premature atrial contractions.'> Similarly,
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the MINERVA trial evaluated the role of atrial antitachy-
cardia pacing (Reactive ATP) in the development of AF
and found that Reactive ATP could reduce the progression
of atrial tachyarrhythmias to permanent AF.”> Moreover,
the results of the Study for Atrial Fibrillation Reduction
(SAFARI) and the diabetes outcome progression trial
(ADOPT) studies both showed that atrial overdrive pac-
ing could significantly lower the risk of AF.}16:117

However, there are problems with these algorithms.
Continuous atrial overdrive pacing aims to prevent the oc-
currence of AF by increasing the atrial pacing frequency
and shortening the compensatory interval after bradycar-
dia and premature atrial contraction. However, symptoms
such as heart palpitations may occur.®1* The ASSERT
trial followed up 2343 patients with DDD pacemaker
implantation for 2.5 years, and the results showed that
atrial overdrive pacing did not reduce the incidence of AF,
whereas COAP could accelerate battery depletion and in-
crease the reoperation rate.!'® The multicenter randomized
controlled Septal Pacing for Atrial Fibrillation Suppression
Evaluation (SAFE) trial also found no significant benefits
of an atrial overdrive pacing program on reducing persis-
tent AF.12°

Drug prophylaxis

The use of combinations of antiarrhythmic drugs
to maintain sinus rhythm or reduce the incidence of AF
after pacemaker implantation is advocated (Fig. 2). Meto-
prolol, a B1-selective adrenoceptor antagonist, can effec-
tively increase the activity of the vagus nerve and main-
tain the balance of cardiac autonomic nerve function.!2!122
Metoprolol can also inhibit the stimulating effect of en-
dogenous catecholamines on the heart and prolong the re-
fractory period of myocardium, sinoatrial node and AV
node, thereby reducing the burden of AF.124122 Diltiazem,
a non-dihydropyridines calcium channel blocker, can
reduce heart rate and sympathetic activity by inhibiting
the calcium influx of sinoatrial and AV nodes and decrease
left atrium pressure by lowering peripheral blood pressure
stress, which could indirectly prevent the onset of AF.123

Sodium glucose cotransporter 2 inhibitors (SGLT2i) and
angiotensin receptor-neprilysin inhibitor (ARNI) reduce
the risk of heart failure and new data show that they can
prevent AF.'?*12> In a diabetic rat model, Shao et al. dem-
onstrated that SGLT2i treatment could significantly ame-
liorate atrial structural and electrical remodeling as well
as improve mitochondrial function and mitochondrial bio-
genesis. Hence, it may be potentially used in the prevention
of AF.12® Similarly, ARNI could effectively decrease LA fi-
brosis in mice, as well as reduce atrial inhomogeneous con-
duction in patients with heart failure, which had potential
therapeutic value in preventing the incidence of AF.127128
Moreover, recent studies have reported that drugs that
can improve abnormal changes in ion channels may have
arole in preventing AF after pacemaker implantation. For
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example, Wenxin Kel, a classical Chinese patent medicine,
has a selective inhibitory effect on the atrial ion channels
and could effectively decrease the incidence of AF.129130
Moreover, it is the first Chinese antiarrhythmic medicine
to be approved by the China Food and Drug Administration
(CEDA), and it has been increasingly used as an alternative
approach for AF treatment globally.!*! Canakinumab, a hu-
man monoclonal antibody, significantly reduced the levels
of inflammatory mediators, such as IL-6 and IL-1p.13%133
Since inflammatory signaling pathways are associated with
the pathogenesis of AF, anti-inflammatory treatment, such
as canakinumab, could prevent postprocedural AF,!341%5
which further supports this novel cytokine-based therapy.
Modulation of the autonomic nervous system is also help-
ful because spinal cord stimulation can suppress AF by in-
hibiting autonomic nerve remodelling.!*¢137 In the future,
the deepening research on the pathogenesis of AF after
pacemaker implantation will inspire more effective and
practical prevention methods.

Conclusions

The incidence of AF after pacemaker implantation
is relatively high. Various types of exogenous stimula-
tion provided by pacemaker implantation and the result-
ing cardiac electrical remodeling, structural remodeling,
inflammation, and autonomic nervous disorder are all
related to the occurrence of postprocedural AF. More-
over, different pacing modes and sites have various effects
on the incidence of postprocedural AF. It is of great sig-
nificance to explore clinical measures in order to reduce
the incidence of AF after pacemaker implantation. How-
ever, it should be emphasized that optimizing the pacing
site and mode may reduce the incidence of postprocedural
AF, but there are still few long-term large-scale clinical
studies in progress. The safety and effectiveness of spe-
cial pacing algorithms remain controversial. The impact
of the above measures on postprocedural AF is complex
and requires additional research.
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