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Abstract

Forensic toxicology faces several challenges in research and daily practice, including new drugs and futuristic
technologies requiring innovative testing methods and continuous education and training of professionals. One
of the most pressing issues in recent years is the emergence of novel psychoactive substances, often created
by modifying the chemical structure of existing drugs to produce compounds with similar effects that are
not yet requlated and lack standardized references. To overcome this challenge, forensic toxicologists have
employed a range of analytical methods, including qualitative and quantitative analysis using highly sensitive
technologies such as liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-mass
spectrometry (GG-MS), which are the most reliable and accurate methods for detecting drugs in biological
samples. Liquid chromatography coupled with tandem mass spectrometry (LGMS-MS) is becoming the gold
standard for detecting controlled substances, their derivatives and metabolites. Despite advancements
in testing methods, challenges persist in forensic toxicology. As such, the field must invest in research and
development to improve testing methods, utilize cutting-edge technologies, increase funding for training
programs, and promote multidisciplinary interactions.

Key words: forensic toxicology, forensic medicine, mass spectrometry, chromatography, immunoassay
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Introduction

Forensic toxicology is an essential field that plays a pivotal
role in solving crimes, ensuring public safety and monitor-
ing social phenomena of substance abuse, even in young
people.2 However, the field encounters several challenges
and innovations in research and daily forensic practice,
including the emergence of new drugs that activate specific
interconnected metabolic systems in the human brain,
cutting-edge technologies requiring new testing methods,
and the need for continuous education and training of pro-
fessionals to keep up with these developments.®

Techniques in use

In recent years, forensic toxicology has faced the increas-
ing prevalence of novel psychoactive substances (NPS).
A lack of standardized references and the emergence
of new substances pose a challenge for forensic toxicolo-
gists in identifying and quantifying NPS in bodily fluids.
To overcome this issue, the systematic application of mass
spectrometry (MS)-based technologies is required, and
forensic toxicology laboratories must maintain the highest
scientific integrity in their analytical processes. Immuno-
assay (IA) was the traditional standard for screening pur-
poses, followed by MS for confirmation analysis. However,
gas and liquid chromatography coupled with mass spec-
trometry (GC-MS and LC-MS) have grown in popularity
over time. These methods can analyze many molecules
at low concentrations in one run, making them useful for
clinical applications, including therapeutic drug and psy-
choactive substance abuse monitoring, forensic investiga-
tions and anti-doping controls.*

Liquid chromatography-mass spectrometry, in particu-
lar, has become crucial to the field, replacing immuno-
enzymatic methods for screening and confirmation.>®
The method has higher analytical specificity and sensi-
tivity than IA, which may suffer from calibration bias,
diminished sensitivity and specificity, and potential vul-
nerability to various interferences. The accuracy of IA can
also be compromised by cross-reactivity with endogenous
and exogenous compounds linked to the analyte of in-
terest, leading to incorrect positive or negative results.
Moreover, inconsistency across platforms is a pressing
concern, as the impact of cross-reactivity relies heavily
on the antibodies used. Experts recommend using hy-
phenated MS techniques to overcome the limitations
of immunoassay-based screening methods, especially
in systematic toxicological analysis and drug abuse test-
ing.” However, challenges such as high instrument costs,
personnel qualification requirements and longer process-
ing times hinder the implementation of MS techniques.
More user-friendly and fully automated MS instruments
should be used to address these issues. Nonetheless, due
to fast sample preparation and analysis, IA is still widely
used in routine laboratory practices.

R. Boscolo-Berto. Challenges of forensic toxicology

In toxicology workflows, a confirmation technique
is only used after a positive result from a screening tech-
nique, particularly for forensic applications. As a conse-
quence, negative outcome of a screening technique must be
reliable to a near-certainty. On these bases, forensic toxi-
cology laboratories need to optimize screening cutoffs for
specific case scenarios rather than relying solely on manu-
facturer’s recommendations, as recently published.®

Recent developments

Forensic toxicology has been prioritizing the develop-
ment and validation of techniques for detecting an ever-
growing number of “classic drugs” and NPS in biological
samples taken from living and deceased individuals.*!°
A range of analytical methods have been implemented
to identify and characterize NPS. Among these, qualitative
and quantitative methods, such as LC-MS and GC-MS,
are considered the most reliable and accurate. However,
these techniques are not universally accessible in all foren-
sic toxicology laboratories and require trained operators
and continuous updates from national and international
networks. Additionally, more cost-effective techniques
such as LC-photodiode array and GC-flame ionization
detection are employed.

Liquid chromatography coupled with tandem MS has
emerged as the gold standard analytical tool for detecting
controlled substances, their derivatives and metabolites.!"1?
The combination of chromatographic retention time and
high-resolution (tandem) MS helps identify a drug mol-
ecule by determining the precise mass of a precursor ion
and its fragmentation pattern. During the identification
process, similarity search algorithms compare the tandem
mass spectra of targeted compounds with those in a data-
base. An extensive MS-MS database is crucial for LC-MS-
MS-based drug analysis and monitoring, though it is not
as comprehensive as required to meet the increasing num-
ber of newly synthesized drugs.

Identifying novel synthetic drugs has been one of the most
challenging analytical issues in the drug regulatory com-
munity. To address this, recent approaches have used ar-
tificial intelligence (AI) to study illicit drug analogs, spe-
cifically, the hybrid similarity search (HSS).!* Furthermore,
NPS analysis requires labor-intensive and expensive refer-
ence standards, which might not be accessible for recently
emerged NPS on the illicit market. Deep learning methods
have been developed to predict known and hypothesized
NPS MS/MS spectra from their chemical structures alone.!*
However, implementing Al-based technologies in forensic
toxicology encounters significant problems, including lim-
ited or poor-quality training data that can limit accuracy.
Furthermore, biological samples can vary significantly
in composition between individuals, making interpreting
the results difficult, and if the training data contain biases,
Al can inherit and amplify these biases. Data from forensic
toxicology laboratories should be collected and integrated
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to achieve larger and homogeneous datasets, which is par-
ticularly relevant if the training data are representative
of specific demographic groups or if there are inequalities
in the samples. The interpretation of results requires spe-
cialized expertise, which means that forensic toxicology
often requires the experience of a multidisciplinary team.

Conclusions

The field of forensic toxicology is experiencing a dual
challenge. On the one hand, there is a need for highly reli-
able techniques that can deliver scientifically sound evi-
dence with the utmost precision and accuracy, which are
an integral prerequisite in criminal justice proceedings.
On the other hand, the illicit market is increasing, bringing
a surge of unfamiliar molecules, meaning we must invest
in research and development to improve testing methods
and the use of cutting-edge technologies. Future research
should focus on developing methods for detecting many
substances in progressively smaller sample volumes while
ensuring the high accuracy and precision levels necessary
for forensic analysis.

Sharing data among laboratories by creating national
and international networks is crucial to meeting the aims
outlined and will require increased funding for training
programs and promoting multidisciplinary interactions.!®
By doing so, we can support forensic toxicology to achieve
and maintain excellence at the highest analytical level.
A cut above the rest.
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Address for correspondence Abstract
Donato Liloia
E-mail: donato.liloia@unito.it The advent of structural magnetic resonance imaging (sMRI) at the end of the 20" century opened the way

toward a deeper understanding of the neurophysiology of psychiatric disorders, substantiating regional

;g:edd'e':g rseodurces structural abnormalities underlying this group of clinical conditions. However, despite abundant and flourish-
ing scientific research, SMRI methodologies are not currently integrated into daily diagnostic practice. One

Conflict of interest reason behind this failed translation may be the prevailing approach to logical reasoning in neuroimaging:

None dedlared The forward inference via frequentist-based statistics. This reasoning prevents clinicians from obtaining
information about the selectivity of results, which are therefore of limited use regarding the definition
of biomarkers and refinement of diagnostic processes. Recently, another type of inferential approach has

Received on February 12, 2024 started to emerge in the neuroimaging field: The reverse inference via Bayesian statistics. Here, we introduce

Reviewed on March 17, 2024 . . ) . S .

Accepted on April 4, 2024 the key concepts of this approach, with a particular emphasis on the clinical SMRI environment. We survey

recent findings showing significant potential for clinical translation. Clinical opportunities and challenges
for developing reverse inference-based neural markers for psychiatry are also discussed. We propose that
a systematic sharing of imaging data across the human brain mapping community is an essential first step
toward a paradigmatic clinical shift. We conclude that a defined synergy between forward-based and
reverse-based sMRI research can illuminate current discussions on diagnostic brain markers, offering clarity
on key issues and fostering new tailored diagnostic avenues.
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Neuronal markers in psychiatry:
(Still) an open issue

In the context of clinical research, the term “diagnostic
biomarker” denotes a diverse spectrum of medically relevant
signals or objective indices of clinical status with the poten-
tial to detect and/or confirm the presence of a condition
of interest.! The advent of structural magnetic resonance
imaging (sMRI) nearly 3 decades ago generated fervent
enthusiasm about its potential to revolutionize our com-
prehension of the neuroanatomical basis of psychiatric
disorders and to identify clinically valuable brain-based
markers. Although the development of several sMRI-based
techniques and the associated exponential proliferation
of studies have facilitated substantial progress in elucidat-
ing the former goal (graphical overview in Fig. 1), it is crucial
to emphasize that no discernible metrics or models stem-
ming from these advanced techniques have been integrated
into daily clinical diagnostic practice thus far.2"!! Asaresult,
contemporary psychiatric diagnoses rely on descriptive data
collected through clinical observation,'? leaving the devel-
opment of neuroimaging biomarkers for predicting diag-
nostic categories or disease progression an open challenge.

What underlies this translational gap in psychiatric neuro-
imaging? While some researchers advocate for the need to re-
form the current standards concerning group-level sample
size,'>1* others posit that the further development of single-
subject methods is essential to capture inter-individual fea-
tures of this group of conditions characterized by aberrations
in mood, cognition and behavior.!>17 Choices pertaining
population stratification, phenotypic profile selection, MRI
data transformation, imaging modalities, multimodal mea-
sures, and algorithms are also a matter of ongoing debate 1824
No less important, the clinical and biological heterogeneity
of patients in terms of type of symptomatology, medication
status, neurodevelopmental stage, and medical comorbidities
malkes it challenging to detect a sound neurophysiological
signature for the clinical population of interest.?>~3°

Here, we add further complexity to the issue by stat-
ing that clinical inferences drawn from canonical group-
level sMRI techniques with case-control designs fall short
of translational goals. The main claim of this editorial
is to elucidate the inferential drawbacks evident in current
sMRI psychiatric research and provide suggestions for
overcoming these drawbacks within an existing knowl-
edge framework. We propose that reverse inference rea-
soning via Bayesian statistics provides an ideal stepping
stone to suit specific clinically relevant questions across
the spectrum of translational neuroimaging.

Inferential reasoning
in clinical neuroimaging

In the field of clinical neuroscience, SMRI techniques
such as voxel-based morphometry (VBM), cortical thickness
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(CT), diffusion-weighted imaging (DW1), and diffusion ten-
sor imaging (DTT) play a pivotal role. As well as their specific
biological significance, these advanced computational tech-
niques allow researchers to identify regional neuroanatomi-
cal variations associated with a clinical population of interest
by means of a whole-brain data-driven voxel-wise inter-
group comparison with a neurotypical control group.3*?
Frequentist-based parametric statistics like the two-sample
t-test are generally employed to this end, which reveals clus-
ters of voxels where the null hypothesis (i.e., no difference
in neuronal morphometry between the groups in question)
is rejected using a certain user-selected p-value.?® In this
scenario, a precise type of reasoning can be delineated:
A “disorder-to-alteration estimation” or forward infer-
ence.?* In formal terms, the forward inference represents
the probability p(alteration|disorder) of detecting alteration
of some brain territories based on the hypothesis of the pres-
ence of a given disorder (Fig. 1). For example, it answers

A) Number of sMRI articles per year in psychiatric research
1400

mVBM mDTI CT Other
wo—— = NN NE N

110/0's| NEBEEEESHSESSESUSESSS.S———————=———— EWCTECE ECE

/o S—_—_GGG G _—_—_—_—__ . E E§ B E BB OB E R L

60— —————————— AN

P | EE——— W | E E R EEEEEEEGEBERGEI]

bl Eu—— AT R R

0

P DD PO LD P DO ANV A 1D A0 N DDA AN AV >
A A A A D R S U S SRS SR T A A I S U S S N
APTA AT AP AP AT AT A AT ADAD IR RS A D TAB RS NP D DA AP

B) Forward Inference

Schizophrenia Healthy control

group U group

P(alteration|disorder)

i
@

Schizophrenia

C) Reverse Inference
P(disorder|alteration)

U

Depression Bipolar Schizophrenia
P=69% P=71% P=89%

Fig. 1. A. Annual publication count in PubMed search engine for
psychiatric research using structural magnetic resonance imaging (sMRI).
Search, conducted on January 15, 2024, reveals trends in voxel-based
morphometry (VBM), diffusion tensor imaging (DTI), cortical thickness
(CT), and other sMRI-based techniques (Other); B. Forward inference

in brain imaging. Given a known psychiatric disorder (e.g., schizophrenia),
one can identify the corresponding changes in brain anatomy and
generate a forward inference; C. Reverse inference in brain imaging. Given
posterior probability maps for multiple disorders (e.g., depression, bipolar,
and schizophrenia), one can classify a new alteration map by identifying
the disorder with the highest probability (P) given the new data (in this
example, schizophrenia). The maps shown here were obtained from

the NeuroSynth database [https://www.neurosynth.org/], serving a sole
purpose for visualization
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the question “How probable is it to observe this pattern
of neuroanatomical variation since I hypothesize that my
patient is affected by this given disorder?”

Forward inference-based reasoning is used extensively
in quantitative clinical sMRI research due to its role in un-
covering the neural substrates co-occurring with a men-
tal illness.?>3¢ Nevertheless, it is important to note that
such reasoning was not designed with translational goals
in mind and has a number of fundamental limitations,
most importantly its inability to establish differential di-
agnosis and estimate the selectivity of the effect under
investigation.?*3738 In other words, researchers can only
infer the presence of a neuroanatomical pattern of varia-
tion in the disorder under study, but not “whether” and
“to what extent” this pattern is pathognomonic for the dis-
order of interest or observable in other clear-cut clinical
conditions. In recent years, this issue has been repeatedly
accentuated in MRI-derived meta-analyses, which have
demonstrated a shared neuroanatomical/functional ab-
normal substrate for major psychiatric disorders.>*-*> For
example, recent studies?®* taking into account forward-
inference based VBM data from 82 different brain disor-
ders and over 19,000 study participants found that a broad
array of cortical and subcortical regions exhibit alterations
in the context of numerous, if not all, of the considered
disorders (Fig. 2). Hence, this substantial convergence hin-
ders the utility of sMRI methods for diagnostic purposes
in pinpointing a specific clinical condition, given the no-
ticeable absence of selectivity in the alteration patterns
within these regions.

Building on the seminal contributions of Poldrack,
a different reasoning pattern in the human brain mapping
community has recently been introduced: The reverse in-
ference via Bayesian statistics. In formal terms, the reverse
inference represents the probability p(disorder|alteration)
of the presence of a given disorder based on the observed
alteration (Fig. 1). Moreover, in practice, it can answer
the question “How probable is that my patient is indeed
affected with the disorder I hypothesize since I observe
this pattern of neuroanatomical variation?” Of note, this
type of experimental evidence can be quantified using
Bayes’ rule® (for methodological details and explanations
specific to the MRI environment, refer to Poldrack*® and
Liloia et al.>!). This perspective underscores that the de-
gree of belief of a reverse inference hinges on the selec-
tivity of neuroanatomical alterations in the disorder un-
der scrutiny (i.e., the ratio of disorder-specific variation
in the brain to the overall likelihood of variation across
all other brain disorders), along with the prior belief
of observing neuroanatomical variations associated with
the disorder of interest. Consequently, we can obtain
an estimate of how likely the disorder is given the ob-
served pattern of neuroanatomical variation. It is crucial
to acknowledge that this reasoning offers numerous ad-
vantages over canonical forward-inference methods.>? Pri-
marily, it overcomes the binary decision of rejecting or not
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rejecting null hypotheses, instead providing a quantitative
assessment of the evidence supporting the hypothesis un-
der scrutiny.”

Neuronal markers and reverse
inference: State of the field

While the reverse inference reasoning has provided im-
portant new information about the functional architecture
of the human brain in normative populations using task-
based fMRI data,*®>3-5 its application in the field of clinical
sMRI has been systematically neglected. Recently, a new
trend has started to emerge to address this issue. Specifi-
cally, in Cauda et al.,* the authors delved into the 2 distinct
selective volumetric alteration patterns observed in Al-
zheimer’s disease and schizophrenia. This was achieved
by analyzing published data derived from the entire VBM
BrainMap database®® utilizing the Bayes factor (BF),°”
a statistical measure that quantifies the strength of evi-
dence for one hypothesis over another. Taking the research
a step further, the same group developed a meta-analytic
reverse inference toolbox called Bayes fACtor mOdeliNg
(BACON).5® This user-friendly and open access resource
facilitates the generation of whole-brain maps, which dis-
play the selective alteration landscape at the voxel-level
for a given disorder. In doing so, it compares the pattern
of alteration that can be observed based on VBM results
about a given disorder of interest (e.g., schizophrenia)
against the pattern of alteration that can be observed based
on VBM results about all the possible disorders excluding
that of interest (e.g., everything but schizophrenia). Then,
the BF is computed to quantify the strength of evidence for
selective alterations associated with the disorder of inter-
est (in our example, the pattern of alteration that can be
observed in schizophrenia is much more likely than in any
other disorder) (Fig. 2).

Recently, BACON was used to explore the presence of se-
lective brain abnormalities in autism spectrum disorder
across an extensive dataset of 849 VBM experiments, ac-
counting for over 22,000 clinical study participants diag-
nosed with 132 different brain disorders.”! Intriguingly,
findings highlighted the existence of significant abnormal-
ities in both cortical and cerebellar regions, with a selectiv-
ity value =290% (i.e., p0.9) (Fig. 2). Significantly, this study
not only introduced a new perspective on understanding
the autistic brain, but also presented a reverse inference
framework with wide-reaching potential. In fact, the BA-
CON approach is applicable to any other clinical condition
that exhibits regional variations in brain structure, as de-
tected through VBM, CT, DWI, DTI, or other group-level
sMRI techniques with case-control designs. Furthermore,
this toolbox is also potentially applicable to the study of dis-
order-selective functional brain aberrations as revealed us-
ing several whole-brain voxel-wise nuclear medicine and
fMRI techniques, such as positron emission tomography
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in the BrainMap database [adapted with permission from Cauda et al*°]; B. Graphical representation of the data analytic pipeline of the Bayes fACtor mOdeliNg
(BACON) toolbox (adapted with permission from Costa et al#); C. Selective clusters of neuroanatomical variation in autism spectrum disorder (ASD) derived
from Bayes fACtor mOdeliNg (BACON) analysis and thresholded at p (ASD|alteration) =0.9 (i.e, 90%) (adapted with permission from Liloia et al.*%)
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(PET), arterial spin labeling (ASL), regional homogeneity
(ReHo), or amplitude of low-frequency fluctuations (ALFF),
broadening its utility in the field of clinical neuroimaging.
Nonetheless, it is crucial to note the current lack of stud-
ies in this specific area of research, which underscores
the necessity for future multimodal imaging endeavors.

Methodological considerations
and future (clinical) directions

The studies surveyed above offer hope for understanding
the neuropathological basis of psychiatric disorders and
yielding valuable diagnostic applications. Nevertheless,
there are essential initial ways in which modeling efforts
may undergo to start a paradigm shift.

Current reverse inference literature is based on meta-
analytic data that, by definition, are characterized by more
spatial uncertainty than native statistical parametric
mapping data, thereby diminishing the ability to identify
smaller but potentially highly selective brain areas.”®°
As a matter of fact, so far, the use of meta-analytic and
coordinate-based repositories (i.e., BrainMap®® or Neu-
roSynth®3) is the prime approach to create posterior
probability maps capable of giving an overarching pic-
ture of the disorder-specific brain variations utilizing
VBM and fMRI data exclusively.*#°161 While the trend
toward sharing is gaining traction,®?~% the establishment
of publicly accessible, automated repositories for storing,
sharing and querying voxel-wise whole-brain multimodal
data from published neuroimaging studies is still in its
infancy. In this context, we expect that the systematic
and widespread use of fine-grained maps derived from
a plethora of advanced imaging techniques will enhance
the relevance of reverse inference research. The culture
of sharing is also crucial to improve the generalizability
of brain reverse inference models. For translational utility,
these models must generalize to new individual cases, and
their key signatures should be globally distributed across
laboratories. This can enable testing in diverse settings
with reduced complexity and error potential.

Can these methodological enhancements initiate the de-
velopment of imaging biomarkers for psychiatry, or even
modify current diagnostic criteria, in the absence of a de-
finitive biological gold standard? We anticipate an itera-
tive process in the near future, where prior neuroimaging-
based prediction findings inform new hypotheses and serve
as foundational knowledge for future diagnostic-oriented
studies. In this context, we claim that the Bayesian reverse
inference approach offers a significant advantage over tra-
ditional frequentist methods, as it allows for continuous
updating of data supporting the hypotheses of interest
(i.e., Bayesian updating).>®%® Furthermore, if this process
proves capable of identifying highly selective regions of in-
terest among studies, future clinical efforts will be able
to adopt tailored measurements on these specific areas,
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e.g., utilizing targeted strategies based on biological ap-
proaches at the micro- and meso-levels.

Another concrete goal of clinical neuroimaging based
on reverse inference can be seen in its potential ability
to integrate information from daily clinical practice.
We expect that selective brain maps can assist in convinc-
ing clinicians of the robustness of their behavioral-based
predictions, especially when the highlighted areas have
been independently linked to the outcome by other reports,
or to resolve uncertainties regarding complex scenarios.

In summary, this editorial discusses the latest develop-
ments in the role of reverse inference reasoning in struc-
tural MRI in psychiatry. The essence of this work is pro-
grammatic, aiming to delineate the interplay and potential
synergies between forward-based and reverse-based re-
search approaches. We posit that this distinction can il-
luminate current discussions on diagnostic brain markers,
offering clarity on key issues, and fostering new avenues for
methodological and clinical consideration in this domain.
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Abstract

Postoperative urinary retention (POUR) is a common surgical complication that can resultin bladder overdis-
tension, urinary tract infection and an extended hospital stay. Although neostigmine is an effective therapy
for POUR, its usage remains controversial. The purpose of this study was to investigate the effectiveness
of neostigmine in improving POUR after surgery. PubMed, Embase, Web of Science, and the Cochrane Library
databases were reviewed. A methodical search approach was used for data extraction, while meta-analysis
and bias analysis employed Review Manager 5.2 and Med(alc.

Fourteen studies involving 4196 postoperative patients were included. With an odds ratio (OR) of 1.70,95%
confidence interval (95% Cl) of 1.11-2.60 and an overall effect with p < 0.05, our analysis indicated that
the patients receiving neostigmine had a greater effective urine retention rate than after other standard
therapies. The subgroup analysis showed that neostigmine recipients had reduced residual urine volume
(mean difference (MD) = —1.16, 95% Cl: —2.05-—0.27, overall p < 0.05, and I = 90%) and POUR (standard-
ized MD (SMD) = 3.76, 95% CI: 2.195.34, overall p < 0.001, and I> = 99% using a random effects model)
as compared to controls. A random-effects model was utilized due to the substantial heterogeneity between
trials. The studies were consistent and had no publication bias. Based on the findings of this meta-analysis,
neostigmine can be considered an effective POUR treatment.

Key words: meta-analysis, urinary retention, neostigmine, postoperative urinary retention (POUR), volume
of urine excreted
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Introduction

Postoperative urinary retention, commonly referred
to as POUR, is a condition characterized by the inability
of patients to effectively void their bladders after surgical
interventions despite having a full bladder. The condition
results in an elevated postvoid residual volume. Untreated
POUR can cause adverse outcomes, such as acute renal
injury, detrusor injury and excessive bladder dilatation.
These events may lead to extended hospital stay and neces-
sitate supplementary care after discharge.!

After a surgical procedure or anesthesia, POUR can pres-
ent in various forms, including tenderness or uneasiness
in the suprapubic region, bladder contractions, urinary
incontinence, and an inability to void.? Urinary retention
is a prevalent medical condition impacting a significant
proportion of the population, with a reported incidence
rate of 5-70%.3 Several factors can contribute to increased
urinary retention susceptibility after a surgical procedure,
including anesthesia administration, the type of operation
performed, the presence of postoperative inflammation,
and limited mobility.* If left untreated, POUR may result
in significant bladder distension, acute renal dysfunction
and detrusor muscle damage. Consequently, a patient’s
discharge from the hospital and their subsequent treat-
ment may be delayed.>®

Catheterization is a frequently recommended therapeu-
tic intervention for POUR due to its potential to facilitate
the management of the condition. Notwithstanding its
benefits, this method is associated with an increased likeli-
hood of urinary tract infection and other potential com-
plications.” However, it is possible to reduce the incidence
of complications and postoperative morbidity by employ-
ing diverse methods that improve patients’ physical and
emotional well-being while also avoiding POUR, as sug-
gested by previous research.® Hence, plausible preventive
measures encompass implementing anesthetic and an-
algesic interventions in conjunction with acupuncture,
heated compresses and massage therapy.” Pharmacological
intervention for POUR management can involve drugs that
impede B-adrenergic and cholinergic activity.*°

Neostigmine is classified as a parasympathomimetic
drug due to its ability to mimic the effects of the parasym-
pathetic nervous system. It functions as a reversible ace-
tylcholinesterase inhibitor via indirect activation of nico-
tinic and muscarinic receptors by inhibiting acetylcholine
breakdown, specifically targeting step 5 of the process.!!
Neostigmine has demonstrated effectiveness, safety and
success in various POUR patient management trials.!>13
Nonetheless, certain studies have reported unsatisfactory
outcomes due to the development of tension in the smooth
muscle of the bladder.'*!* The data suggest that further re-
search is required to explore the utilization of neostigmine
for POUR. Consequently, pertinent publications!®~2° were
procured and reviewed to conduct a thorough investigation
into the efficacy of neostigmine in POUR.

Q. Chen, N. Li, Y. Wu. POUR and neostigmine

Objectives

This investigation aimed to assess the efficacy of neo-
stigmine in ameliorating POUR.

Materials and methods
Eligibility criteria

All possibly relevant papers were examined in their en-
tirety to assess whether or not they fulfilled the inclusion
criteria listed below: 1) studies that compared patients receiv-
ing neostigmine to conventional therapy; 2) studies including
patients diagnosed with POUR; 3) studies that contained
indicators assessing efficacy or additional pertinent variables
comparing neostigmine treatment to standard treatment;
and 4) studies that were readily available in their entirety.
The exclusion criteria were as follows: 1) studies regarding
other disorders; 2) studies including comparisons with other
therapies; 3) studies with insufficient data; and 4) reviews,
abstracts or duplicate publications.

Information sources and literature
search strategy

We conducted a search for randomized controlled tri-
als (RCTs) published between January 1, 2000, and Janu-
ary 1, 2023, in the PubMed, Web of Science, Embase, and
Cochrane Library databases using the following search
terms: 1) neostigmine; 2) postoperative urinary retention
OR POUR,; 3) clinical effects; 4) volume of urine excreted;
and 5) urinary retention. Within the context of the search
strategy, the Boolean operator “AND” was used to com-
bine the Medical Subject Headings (MeSH) with the text
keywords. We carried out a comprehensive search across
various databases and did not impose any limitations
on the language used or the publication status of the stud-
ies. Two researchers, NL and YW, independently searched
the literature and analyzed the bibliographies to find ad-
ditional publications related to the topic.

Study selection and data
collection process

The parameters for this review were based on the most
recent edition of the Cochrane Handbook for Systematic
Reviews of Interventions.®® A predesigned data collection
form was used to extract data from the main research. Two
investigators (NL and YW) independently screened titles,
abstracts and full texts of potentially eligible studies and
used the 27-item Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) checklist criteria
to grade each study as “yes” (1 point), “partially” (0.5 points)
or “no” (0 points). The points assigned to each study com-
ply with PRISMA guidelines. Both investigators extracted
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the data independently, and the 3 investigator (QC) was
involved if the data extracted from the same study dif-
fered between the 2 investigators. Information, includ-
ing the name of the first author, publication year, journal,
country, patient population, number of participants, age,
sex (male/female), intervention dosage (neostigmine), and
primary outcome measures, was extracted for each arm.
The primary endpoints were the amount of urine excreted
and the extent of POUR decrease. The likelihood of bias
across studies was assessed using a visual examination
of a funnel plot3! and Egger’s test.*?

Risk of bias evaluation

The “risk of bias” table prepared in the Review Man-
ager (RevMan) software (v. 5.3; The Nordic Cochrane
Centre, Copenhagen, Denmark) was used to assess study
quality.3® The table documented random sequence gen-
eration, allocation concealment, blinding of participants
and personnel, blinding of outcome assessments, insuf-
ficient outcome data, selective reporting, and other forms
of bias. Based on the retrieved data, we assigned a score
of “low”, “high”, or “some concerns” to each parameter
for each study. The inquiry was independently conducted
by 2 investigators (NL and YW). Any disagreements were
addressed by the 3" investigator (QC).

Statistical analyses

Statistical analysis of the findings from the selected stud-
ies was performed using RevMan software (v. 5.3; The Nor-
dic Cochrane Center). Pairwise meta-analyses were per-
formed with a DerSimonian and Laird random-effects
model3* to calculate the pooled estimates of odds ratio (OR)
and mean difference (MD), with 95% confidence intervals
(95% Cls) of direct comparisons between the experimental
and control groups. A random-effects model was used due
to the substantial heterogeneity among the studies. The pur-
pose of these analyses was to determine the degree to which
the effect size (OR and MD) remained consistent. It was de-
termined that heterogeneity ranging from 0% to 40% “might
not be important”, heterogeneity ranging from 30% to 60%
was considered “moderate heterogeneity”, heterogeneity
ranging from 50% to 90% was treated as “substantial hetero-
geneity”, and heterogeneity ranging from 75% to 100% was
“considerable heterogeneity”. The random-effects model was
implemented due to the high heterogeneity in the data.?

Results
Literature search results
The preliminary search yielded 657 articles in the PubMed,

Embase, Web of Science, and Cochrane Library databases.
Following the initial screening, 316 records remained, and
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Records identified through database searching
(n=657)

/

Records after duplicates removed
(n=316)

\

Records screened
(n=105)

Records excluded
(n=211)

Y

Full text articles Full text articles excluded
assessed for with reasons:
eligibility 7| - studies not reporting
(n=38) required outcome: 17
- studies without
sufficient data: 5
- others: 2

\

Studies included
in quantitative
synthesis
(meta-analysis)

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

(n=14)

Fig. 1. Study flow diagram as per Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines

after screening titles and abstracts, additional 211 studies
were removed due to their type (review articles, letters,
case reports, comments, or editorials). Then, 105 studies
were evaluated, of which 38 were selected for final screen-
ing. Out of these, 24 publications were deemed ineligible
for further consideration for various reasons, such as not
reporting the required outcome or having insufficient
data. Ultimately, 14 studies involving 4196 patients ful-
filled the inclusion criteria and were eligible for meta-anal-
ysis. Figure 1 depicts the selection procedure, which fol-
lowed PRISMA guidelines,®® and includes an explanation
of the factors that led to the exclusion of certain studies.

Study characteristics

The primary features of the 14 clinical studies!®~?° are
outlined in Table 1. The publication dates ranged from 2000
to 2023. During the interventions, experimental groups
received neostigmine, and control groups were given differ-
ent types of medicine. A total of 4196 patients participated
in these investigations, with 2342 patients in the interven-
tion groups and 1854 in the control groups. The number
of people in the study samples ranged from 13 to 1000.

Risk of bias and publication bias
assessment

A predesigned questionnaire was used to conduct
a risk of bias assessment for each of the 14 studies, and
the findings are presented in Table 2. There was a low
risk of bias in 10 studies and a moderate risk in 3 studies
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Table 1. Characteristics of the included studies

Neostigmine S€X Age el
Publication journal Country 9 (male/ 9 number of
dosage [mg] .
female) participants
Borneo et al.1é International Journal of Innovative Science and 2019 | Indonesia 1 50/15 21260 13
Research Technology

Chaetall” Anesthesia and Pain Medicine 2018 | South Korea 02 52/519 | 60-77 671
Chaeetal.’® Journal of Clinical Medicine 2019 | South Korea 0.5 310/275 | 50-75 585
Chang et al.”” Journal of the Formosan Medical Association 2022 Taiwan 0.5 460/540 | 44-66 1000
El Dahab et al.® Egyptian Journal of Anaesthesia 2011 Egypt 0.5 45/55 23-47 100
Daquioag et al.?’ Journal of Cardiothoracic and Vascular Anaesthesia 2022 China 4 140/136 | 55-75 276
Ziemba-Davis et al.?? Journal of Arthroplasty 2019 USA 0.5 274/359 | 50-70 679
Fiorda Diaz et al.® Frontiers in Medicine 2022 Thailand 0.5 29/27 44-65 37
Han et al.24 Journal of Clinical Medicine 2021 | South Korea 0.2 40/37 40-60 77
Bowman et al.?® Clinical Spine Surgery 2021 USA 0.5 40/160 50-70 200
Koh et al.?® Research Square (preprint) 2020 | South Korea 04 48/88 56-70 136
Mayo et al.?/ Spine 2016 USA 5 102/103 | 45-60 205
Valerggoa Morales Surgical Laparoscopy, Enqoscopy& Percutaneous 2021 USA s 120/61 18-80 181
etal. Techniques
Senapathi et al.?® Therapeutics and Clinical Risk Management 2018 | Indonesia 0.5 16/20 25-50 36

Table 2. Risk assessment of the included studies

Did Pl Were all

the study patients patients

receive .
included
the same .
in the anal-
reference .
ysis?

standard?

avoid inap-
propriate
exclusions?

Valencia Morales et al 2

Senapathi et al.?°

Was the sam-
ple frame
appropriate
to address
the target
population?

Borneo et al.'® Y Y N Y Y Y Y Y
Chaetal!” Y Y N Y Y Y Y Y
Chaeetal® Y Y N Y Y Y Y Y
Chang et al.”” Y Y N Y Y Y Y Y
El Dahab et al.?° Y Y N Y Y Y Y Y
Daquioag et al.?! Y Y N Y Y Y Y Y
Ziemba-Davis et al.?? Y Y N Y Y Y Y Y
Fiorda Diaz et al.”? Y Y N Y Y Y Y Y
Han et al.# Y Y N Y Y Y Y Y
Bowman et al.® Y Y N Y Y Y Y Y
Koh etal. Y Y N Y Y Y Y Y
Mayo et al?/ Y Y N Y Y Y Y Y

Y Y N Y Y Y Y Y

Y Y N Y Y Y Y Y

Were
the study
subjects and
the setting
described
in detail?

Was the condi-
tion measured
in a standard,
reliable way
for all partici-
pants?

Were valid
methods used
for the iden-
tification
of the condi-
tion?

Were study
participants
sampled
in an appro-
priate way?

due to the randomization procedure and bias in select-
ing the data reported. As can be seen in the risk of bias
summary (Fig. 2) and risk of bias graph (Fig. 3), only
1 publication had a significantly high risk due to bias
in selecting the results reported. The funnel plot for pub-
lication bias is presented in Fig. 4. The symmetrically
shaped funnel plot for the overall effect size, specifically
the OR of neostigmine compared to the control group,
is shown in Fig. 4A. The results indicate a low probability

of publication bias, as evidenced by a significant p-value
of 0.463 for Egger’s test.*” The symmetrically shaped fun-
nel plot for the percentage reduction in POUR in neo-
stigmine groups (NG) compared to control groups (Cg)
is depicted in Fig. 4B. The plot indicates a low probability
of publication bias, with a significant p-value of 0.385 for
Egger’s test. The results in Fig. 4C indicate the volume
of urine excreted, with a statistically significant p-value
of 0.241.%7
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Risk of bias domains

Fig. 2. Risk of bias summary
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Domains:
D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.

Da3: Bias due to missing outcome data.
D4: Bias in measurement of the outcome.
D5: Bias in selection of the reported result.

Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result
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- Some concerns
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Fig. 3. Risk of bias graph

Primary study outcomes

Table 3 displays the findings of the primary outcomes,
including the volume of urine expelled [mL], reported
in 3 studies,'®1”?° and the reduction in POUR, reported
in 11 studies.'8-28

Heterogeneity analysis
of the experimental and control groups

This meta-analysis compared differences in urine reten-
tion efficiency rates between experimental and control

25% 50% 75% 100%

. Low risk D Some concerns . High risk

groups using heterogeneity analysis. The overall result
demonstrated that the NG had a greater effective rate than
the CG (OR = 1.70, 95% CI: 1.11-2.60, Tau® = 0.58, x*> = 257,
degrees of freedom (df) = 13, overall effect p < 0.05,
I2 = 95%, in the random effects model), as shown in Fig. 5.
The findings of the subgroup analysis revealed that neo-
stigmine performed noticeably better than the conven-
tional treatments typically used for urinary retention.
Figure 6 highlights that the neostigmine group had a lower
residual urine volume (MD = -1.16, 95% CI: -2.05—--0.27,
overall p < 0.05, I? = 90%) and a more substantial POUR
reduction than controls (standardized MD (SMD) = 3.76,
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Fig. 4. Funnel plot for publication bias. A. Overall effect size: odds ratio
(OR) for neostigmine compared to the control group; B. Primary outcome:
postoperative urinary retention (POUR) (%) for neostigmine compared
to the control group; C. Primary outcome: volume of urine excreted for
neostigmine compared to the control group

SE - standard error.
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Neostigimine Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Borneo etal [16) 10 13 3 13 3.3% 11.11 [1.79, 68.89)
Chaeetal [18] 363 671 208 671 8.1% 2.62[2.10,3.29] =
Chaetal[17] 384 585 201 585 8.1% 3.65[2.87, 4.65] o
Chang etal [19] 500 1000 500 1000 8.2% 1.00[0.84,1.19] =
Dahah et al [20] 25 100 75 100 7.0% 0.11 [0.06, 0.21] S
Daquioag et al [21) 168 276 108 276 7.9% 2.42[1.72,3.41] =
Davis etal [22] 356 679 323 679  8.1% 1.21 [0.98, 1.50] i
Diaz etal [23] 19 37 18 37 B6.0% 1.11 [0.45, 2.77] O
Han et al [24] 38 7 39 77 7.0% 0.95[0.50,1.79] S
John et al [25] 125 200 75 200 7.7% 2.78[1.85, 4.16] =
Koh et al [26]) 71 136 65 136 7.5% 1.19[0.74,1.92] ==
Mayo et al [27] 159 205 46 205 7.5% 11.85[7.51,19.00] =
Morales et al [28] 106 181 75 181 7.7% 2.00(1.31,3.03] e
Senapathi et al [29] 18 36 18 36  6.0% 1.00 [0.40, 2.52] —t
Total (95% CI) 4196 4196 100.0% 1.70 [1.11, 2.60] >
Total events 2342 1754
Heterogeneity: Tau®= 0.58; Chi*= 257.00, df=13 (P < 0.00001); F=95% '0.01 Uf1 ;. 1-0 100-

Test for overall effect. Z=2.42 (P=0.02)

Favours [Neostigimine] Favours [control]

Fig. 5. Forest plot odds ratio (OR) for the effective rate of urinary retention in the neostigmine and control groups

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

95% CI: 2.19-5.34, overall p < 0.001 I2 = 99%). Figure 7 dis-
plays comparative scatter plots indicating that the NG had
a higher percentage of participants with POUR improve-
ments and a lower volume of urine retention than the CG.

Similarly, the correlation plot depicted in Fig. 8 demon-
strates a noteworthy higher POUR and residual urine vol-
ume decrease in the NG than in the CG. All of these results
were statistically significant, with p < 0.05.
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Primary outcome: Volume of Urine excreted (ml)
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Fig. 6. Forest plot of primary outcomes: urine volume excreted [mL] and postoperative urinary retention (POUR) reduction

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

Discussion

This meta-analysis investigated the effectiveness
of neostigmine as a POUR treatment method. A total
of 14 studies, comprising 4196 participants, were included
in the analysis. The primary indicators considered were
the effective urinary retention rate, voided urine volume
and POUR reduction. The results indicate that neostig-
mine is a viable therapeutic option for addressing POUR.

The regulation of bladder function is thought to be sig-
nificantly influenced by the parasympathetic nervous sys-
tem. The system is responsible for urination through de-
trusor muscle contraction and sphincter muscle relaxation,
though it remains inactive during bladder filling.3*° Neo-
stigmine is a potent acetylcholinesterase inhibitor that ex-
hibits dual functionality by reducing cholinesterase activ-
ity and enhancing acetylcholine efficacy. The drug achieves
this through dose-dependent stimulation of the detrusor
muscle of the bladder, resulting in direct contractions
that ultimately lead to an augmentation in micturition
frequency and urine volume output.*4!

Several preventative strategies targeting POUR have
been published recently. Due to a limited understanding
of the efficacy of different treatments and concerns sur-
rounding their potential side effects, there is currently
no established protocol for preventing this particular ail-
ment.*> However, reports suggest that neostigmine could
be a potential medication for POUR. The plasma half-life

of neostigmine following intravenous administration
is variable, ranging from 47 min to 60 min, with a mean
value of 53 min. Clinical manifestations of neostigmine
are typically observed within 20—-30 min of intramuscular
administration, with a duration of action ranging from
2.5 h to 4 h.*® According to Zhong et al., epidural neostig-
mine administration (at doses of 1 g/kg, 2 g/kg or 4 g/kg)
in combination with lidocaine produced a dose-indepen-
dent analgesic effect that persisted for 8 h after knee sur-
gery, in contrast to the patients who received only lidocaine
and did not display concomitant escalation in adverse reac-
tions.** Similarly, Hassanin et al. conducted a blinded RCT
to investigate the impact of neostigmine supplementation
with bupivacaine on ultrasound-guided supraclavicular
brachial plexus block in forearm surgeries.*> The study
findings revealed that the neostigmine group exhibited
statistically significant reductions in visual analogue scale
(VAS) scores compared to the control groupat 1 h, 2 h, 4 h,
and 6 h. Nevertheless, it is advisable to only employ this
approach in cases where surgical procedures extend be-
yond 4 h. Thus, neostigmine exhibits promising prospects
as a viable pharmaceutical agent for surgical procedures
of diverse durations.

Prior meta-analyses carried out by Sirisreetreerux et al.*®
and Jackson et al.¥” demonstrated neostigmine efficacy,
a medication classified as either a parasympathomimetic
or areversible cholinesterase inhibitor, in the management
and prevention of POUR. Nonetheless, it is imperative
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to subject these medications to RCTs with substantial
sample sizes to determine their clinical efficacy and pa-
tient acceptability.

In a recent systematic review and meta-analysis con-
ducted by Cao et al., the neostigmine group exhibited
a higher rate of effectiveness in treating urine retention
compared to traditional Chinese treatments and physical
therapy.*® The authors derived an OR of 7.47 (95% CI: 4.10—
13.59, p < 0.001) to support their findings. Neostigmine
has been found to effectively mitigate POUR symptom:s.
The results of our study align with previous meta-analyses
and support the utilization of neostigmine as a viable in-
tervention for addressing POUR.

Limitations

This study had several limitations. Indeed, it is probable
that the “small study effect”, which occurs when most stud-
ies have extremely small sample sizes, skewed the results.
The problem stems from the paucity of available reports.
As such, more research is required on a larger sample size
to reach robust scientific conclusions. Any future evalu-
ations must account for new data, especially on adverse
incidents or issues. Due to the low number of studies pub-
lished on this subject up to this point, any future study and
analysis must incorporate a greater number of articles that
feature research from many countries.

Conclusions

According to the findings of this meta-analysis, neo-
stigmine may be related to decreased POUR incidence
and could effectively manage POUR symptoms with en-
hanced therapeutic effects. However, validating the im-
pact of the interventions evaluated in this meta-analysis
and designing an effective treatment and prevention
plan for surgical patients at risk of developing POUR
requires further analysis of large, robust and properly
designed RCTs.
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Abstract

Background. Osteosarcoma is a pleomorphic cancer that frequently affects children and teenagers. Although
several chemotherapy regimens have been utilized for many years, the best therapeutic option for the treat-
ment of osteosarcoma has not yet been determined.

Objectives. This meta-analysis was designed to assess the clinical efficacy of a high-dose methotrexate,
doxorubicinand cisplatin (MAP) regimen and compare its survival outcomes with those of other chemotherapy
strategies in patients diagnosed with osteosarcoma.

Materials and methods. We systematically searched databases, namely Embase, the Cochrane Library
and PubMed, up to August 2022, for relevant studies investigating the impact of the MAP chemotherapy
protocol on survival among patients with osteosarcoma. The odds ratio (OR) pooled estimates and their 95%
confidence intervals (95% Cls) were calculated.

Results. Twelve studies including 4102 patients were eligible for analysis in this study. The estimated pooled
ORs of the 3-year overall survival (0S) and event-free survival (EFS) were OR = 1.08 (95% (I: 0.72-1.62,
p=070)and OR=1.04 (95% CI: 0.81-1.32, p = 0.78, respectively). The 5-year 05 and EFS were OR = 0.87
(95% CI: 0.62—1.23,p=042) and OR = 1.13 (95% (I 0.76—1.68, p = 0.54), respectively, with no statistical
differences. The subgroup analysis of MAP compared to a 2-drug regimen (doxorubicin and cisplatin) revealed
asignificant difference between the 2 chemotherapy strategy groups in 3-year 0S rates (OR = 0.72 (95% CI:
0.56—0.92, p=0.009)) and 5-year EFS rates (OR = 0.57 (95% CI: 0.43—0.76, p < 0.001)).

Conclusions. The MAP chemotherapy strategy for osteosarcoma showed superiority over other regimens,
especially over the 2-drug regimen (doxorubicin/cisplatin), in terms of better prognosis and safety.

Key words: doxorubicin, overall survival, cisplatin, osteosarcoma, ifosfamide
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Introduction

Osteosarcoma is a pleomorphic malignancy that com-
monly occurs in children and adolescents. It is defined
as a primary malignancy of the mesenchymal tissues
in bones and accounts for 20-40% of all diagnosed bone
cancers.! The etiology of osteosarcoma remains unknown;
however, exposure to radiotherapy, alkylating agent-based
chemotherapy, Li-Fraumeni syndrome, and Paget’s dis-
ease of bone are considered risk factors and account for
a proportion of the cases.? The main treatment approach
for this type of bone cancer was amputation, which had
limited clinical efficacy. Chemotherapy and surgical strate-
gies were introduced in the 1970s and improved the over-
all 5-year survival rate to about 70%.% During that time,
chemotherapy was used postoperatively to eliminate un-
resectable lesions. Later, preoperative chemotherapeutic
regimens were clinically applied and known as neoadju-
vant chemotherapy. This approach was widely adopted
in clinical practice since it helped in the elimination of po-
tential micro-metastases, reduced tumor edema, increased
limb salvage rates, reduced recurrence rates, and improved
the overall survival (OS) rates.*

In the past decades, a number of trials have been con-
ducted to evaluate the efficacy of different postoperative
chemotherapeutic agents. Initially, methotrexate was
reported, followed by other agents with some degree
of survival improvement.>® The studied drugs included
ifosfamide, dacarbazine, and their combination with doxo-
rubicin, with a response rate reaching up to 40%. Single-
agent chemotherapy has been shown to be inadequate
for osteosarcoma treatment. A trial conducted in 2014
comparing doxorubicin alone with its combination with
ifosfamide revealed a significant improvement in the rates
of progression-free survival (PFS) and the overall response
for the combined chemotherapeutic regimen. However,
the OS between the 2 regimens did not significantly dif-
fer (p = 0.076).7 Recently, as approved by the National
Comprehensive Cancer Network (NCCN) guidelines,®®
the most commonly used chemotherapeutic agents for
osteosarcoma include doxorubicin, high-dose methotrex-
ate, cisplatin, and ifosfamide.

Nowadays, novel approaches are applied for osteosar-
coma management, including targeted drug therapy, ex-
perimental therapy, immunotherapy, and radiotherapy.
The combination of up to 4 drugs, namely doxorubicin,
methotrexate, cisplatin, and ifosfamide, is the main os-
teosarcoma treatment in today’s protocols.®*1° The rec-
ommended regimens, according to the NCCN guidelines,
include a doxorubicin and cisplatin combination; high-
dose methotrexate, doxorubicin and cisplatin (MAP)
combination; methotrexate, doxorubicin, cisplatin, and
ifosfamide (MAPI) combination; and ifosfamide, cispla-
tin and epirubicin combination.® Most healthcare set-
tings worldwide conduct a number of preoperative che-
motherapy courses, ranging from 2 to 6 courses for up
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to 18 weeks.!! The toxicity of chemotherapeutic regimens
should also be considered, which includes bone mar-
row suppression, neurological toxicity, liver and kidney
damage, and gastrointestinal disorders. Although these
regimens have been used for many years, the optimal
therapeutic choice for osteosarcoma treatment has not
been established.

Objectives

Therefore, studies that compared the above regimens
were eligible for the present meta-analysis to establish
a detailed comparison between the available regimens
and assess the clinical efficacy and toxicity of first-line
chemotherapeutic agents for patients diagnosed with
osteosarcoma.

Materials and methods
Search strategy and identification

This meta-analysis was designed and conducted accord-
ing to the Preferred Reporting Items for Systematic Review
and Meta-Analyses (PRISMA) guidelines. The ethical ap-
proval was waived due to the type of the study. The proto-
col of this meta-analysis has been registered in PROSPERO
as CRD42022385111. Original research studies written
in English and published up to August 2022 were veri-
fied by the PubMed, Embase and Cochrane Library data-
bases. The keywords or medical subject headings (MeSH)
terms related to osteosarcoma, chemotherapy, methotrex-
ate, doxorubicin, cisplatin, ifosfamide, and survival rate
were combined during the database search, as presented
in Table 1. The retrieved studies were carefully investigated
for eligibility. Only human research studies were included.
Irrelevant publications, assessed on the basis of the title,
abstract or full article, were excluded. Also, commentar-
ies, review articles, editorials, and irrelevant studies were
all excluded. All chosen publications were collected using
EndNote software (Clarivate, London, UK), and duplica-
tions were excluded.

Inclusion criteria

The current meta-analysis inclusion criteria were:

1. Well-designed randomized controlled or comparative
studies, either prospective or retrospective;

2. Studies in which the intended target patients were
those with a confirmed diagnosis of osteosarcoma using
typical imaging or pathological biopsy;

3. Studies in which the procedure of intervention in-
cluded a comparison of the first-line chemotherapeutic
regimens, according to the NCCN recommendations for
the treatment of osteosarcoma;
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Table 1. Search strategy for each electronic database

Database |
(#1) "Osteosarcoma’ [MeSH terms] OR “Chemotherapy” [all fields] OR “Osteosarcomas” [all fields]
(#2)
L (#3) “overall survival”[all fields] OR “progressive-free survival”
(#4) #1 AND #2 AND #3
(#1) '(Osteosarcoma)/exp OR(Chemotherapy)'/exp OR ‘Osteosarcomas’/exp
Embase (#2) '(Methotrexate)/exp OR'(Cisplatin)’/exp OR‘(Doxorubicin)’/exp OR‘(Ifosamide)'/exp
(#3) ‘(overall survival)/exp OR‘(progressive-free survival)/exp
(#4) #1 AND #2 AND #3
(#1) (Osteosarcoma): ti,ab,kw OR (Chemotherapy): ti,abkw OR (osteosarcomas): ti,ab,kw
Cochrane Librar (#2)
Y (#3) (overall survival): ti,abkw OR (progressive-free survival)
(#4) #1 AND #2 AND #3

“Methotrexate” [MeSH terms] OR “Cisplatin”[all fields] OR “Doxorubicin” [all fields] OR “Ifosamide” [all fields]

(Methotrexate): ti,ab,kw OR (Cisplatin): ti,ab,kw OR (Doxorubicin): ti,ab,kw OR (Ifosamide): ti,ab,kw
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Search strategy

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

4. Studies in which data were adequately described to
estimate the overall pooled effect size of the intervention
and 95% confidence interval (95% CI).

The exclusion criteria

The exclusion criteria were:

1. Reports, editorials, abstracts, reviews, animal experi-
ments, and studies in languages other than English;

2. Publications with missing or incomplete outcomes;

3. Research articles with aims other than the exami-
nation of the recommended first-line chemotherapeutic
regimens such as target receptor-based therapy, immuno-
therapy, radiotherapy, and vaccine-based therapy.

Data extraction

The methodological quality was evaluated and data
extraction was performed by 2 independent authors,
according to the Cochrane Collaboration guidelines.!?
We used a pre-designed form to summarize the study- and
participant-related variables under the following head-
ings: the name of the first author, study period, region,
target patients, study protocol, number of subjects, de-
mographical characteristics, applied chemotherapeutic
protocol, and survival status. The main outcome measures
included the OS rate, which is the time elapsed from the in-
clusion in the study to death or the last follow-up; event-
free survival (EFS), which is the time from the inclusion
in the study to metastatic disease appearance or death;
and the total number of adverse effects (grade >3) after
the implementation of different chemotherapeutic regi-
mens. The targeted adverse effects included neutropenia,
thrombocytopenia, cardiac and renal dysfunction, muco-
sitis, and anemia.

Risk of bias

Following data extraction, the authors assessed the qual-
ity of the chosen studies according to the Cochrane

Collaboration guidelines. The risk of bias was graded
as low, medium or high, and was assessed based on the em-
ployed randomization method, the outcome assessment
blinding, and any missing data or selective reporting.
We reviewed the original article to clarify any discrepan-
cies or misunderstandings.

Statistical analyses

The odds ratios (ORs) and 95% Cls were computed
using fixed- or random-effect models. The pooled esti-
mates of the interventions’ effect sizes and graphs were
performed using the Reviewer Manager (RevMan) soft-
ware v. 5.3 (The Nordic Cochrane Centre, The Cochrane
Collaboration, Copenhagen, Denmark). The x? tests were
utilized to test for heterogeneity. The estimated I index
ranged between 0% and 100% and was used to evaluate
heterogeneity.!* When the value of the I? index was 0%,
it was interpreted as an absence of heterogeneity, an I?
index of 25% was identified as a low level of heterogene-
ity, and the values of 50% and 75% were identified to rep-
resent moderate and high heterogeneity levels, respec-
tively. If the I? index was higher than 50%, we applied
a random-effect model, and if it was less than 50%, we ap-
plied a fixed-effect model. The sensitivity analysis was
conducted to identify the source of significant incoher-
ence for the main outcomes. The value of p < 0.05 indi-
cated statistical significance. The assessment of bias was
quantitatively performed using the Egger’s regression test
(p < 0.05 denoted bias between studies), and qualitatively,
by visual inspection of the funnel plots.

Results

A total of 1258 potential publications were retrieved
through a database search. After full-text assessment,
12 studies met the inclusion criteria and were evaluated
in this meta-analysis.'*2* The process of literature search
and screening is depicted in Fig. 1. The selected studies
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Fig. 1. Flowchart of th h
Identification of studies via databases and registers a'ngd Se‘egrivgn asir;egye seare
= Records removed
o before screening:
§ Records identified from™*: Duplicate records removed
= Databases (n = 668) —> (n=135)
c Registers (n = 590) Records marked as ineligible
§ by automation tools
(n=45)
\4
Records screened |, | Records excluded**
(n =1078) (n =641)
\4
Reports sought for retrieval a| Reports not retrieved
b= (n =437) "1 (n=230)
'S
o
5
o v
Reports assessed for eligibility .| Reports excluded:
(n=207) Ineligible study design
(n=118)
Missing data or different
outcomes (n =77)
A4
N
= Reports of included studies
S (n=12)
{ =

involved a total of 4102 patients. All included studies were
randomized controlled trials (RCTs). The sample size
of the integrated studies ranged from 36 to 716 osteosar-
coma patients at the beginning of the trial. The main fea-
tures of the selected studies are summarized in Table 2.

The risk of bias in the eligible studies was evaluated ac-
cording to the Cochrane Collaboration tool (Risk of Bias
2 (RoB2)). All included trials adequately described the ran-
domization procedures, while blinding and allocation con-
cealment were variable. The evaluation of the risk of bias
is summarized in Fig. 2.

Overall survival rates

Four studies (n = 1886) reported data related to the 3-year
OS rates. The comparison of MAP with different thera-
peutic regimens, including doxorubicin and cisplatin
regimens or MAP chemotherapy regimens plus adjuvant
drugs, showed no differences between groups (OR = 1.08

(95% CI: 0.72-1.62), Z-test = 0.38, p = 0.700), with high
heterogeneity (I* = 69%), as shown in Fig. 3A. The sub-
group analysis of the pooled OR of the survival rate with
MAP chemotherapy compared to doxorubicin and cis-
platin combination chemotherapy revealed a significant
difference between the 2 groups regarding 3-year OS rates
(OR = 0.72 (95% CL: 0.56-0.92), Z-test = 2.59, p = 0.009)
(Fig. 3B).

The 5-year OS rate was assessed in 4 studies (n = 1657).
The forest plot, presented in Fig. 4A, summarizes the over-
all ORs with non-statistically significant differences be-
tween the arms of comparison (OR = 0.87 (95% CI: 0.62—
1.23), Z-test = 0.80, p = 0.420). Moderate heterogeneity was
observed (I = 57%). The subgroup analysis of the 5-year OS
rate after MAP chemotherapy compared to doxorubicin
and cisplatin combination chemotherapy revealed a non-
statistically significant difference (OR = 0.82 (95% CI: 0.58—
1.17), Z-test = 1.09, p = 0.270), with moderate heterogeneity
between the studies (12 = 73%, x? = 7.43, p = 0.020) (Fig. 4B).
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Table 2. Characteristics of the included studies

Study ID and

Study | Patients,

Country design n

publication year

Chemotherapeutic
regimen/number
of patients

Comparative group regimen/number

. Outcome measures
of patients

Linketal, 1991 USA RCT 36 MAP/18

Dempelteral Canada RCT | 307 MAP/152

Bramwell et al.,

199716 Canada RCT 37 MAP/13

g/‘oeoy;? etal, USA RCT 399 MAP/232

Craft, 2009'® UK RCT 388 MAP/191

ggr]r;['g etal, Italy RCT 246 MAP/123

\2/\(’;3'30” etal, UK RCT 179 MAP/90

Biclack et al international

S study RCT 716 MAP/359
(17 countries)

Marina et al international

o study RCT 618 MAP/310
(17 countries)

E't‘;?”‘z‘(’)}'ii‘mam France RCT 315 MAP/156

Senerchia et al,,

20172 USA RCT 296 MAP/157

Gaspar et al,,

5018% France RCT 565 MAP/156

MAPI/18 OS, EFS, side effects

doxorubicin, cisplatin/155 OS, EFS, side effects

doxorubicin, cisplatin/24 OS, EFS, side effects

MAPI/167 OS, EFS, side effects

doxorubicin, cisplatin/197 OS, EFS, side effects

MAPI/123 OS, EFS, side effects

doxorubicin, cisplatin/89 OS, EFS, side effects

methotrexate, doxorubicin, cisplatin

olus alpha-2b/357 OS, EFS, side effects

methotrexate, doxorubicin, cisplatin )
plus etoposide-ifosfamide/308 U5 ERS side eiizss
methotrexate, doxorubicin, cisplatin

plus zoledronate/159 OS, BFS, side effects

methotrexate, doxorubicin, cisplatin

plus MC/139 0S, EFS, side effects

methotrexate, doxorubicin, cisplatin

plus etoposide-ifosfamide/409 OS, EFS, side effects

MAP — methotrexate, doxorubicin and cisplatin; MAPI — MAP with ifosfamide; EFS — event-free survival; OS — overall survival; RCT — randomized controlled

trial; MC — metronomic chemotherapy.

Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

0%

25% 50% 75% 100%

. Low risk D Some concerns - High risk

Fig. 2. Summary plot of the risk of bias (RoB 2 tool) of the analyzed studies presented as percentages

Event-free survival rates

Six studies (n = 3001) reported data related to the 3-year
EFS. The comparison of MAP chemotherapy regimens
with other regimens revealed no significant differences,
with an overall OR of 1.04 (95% CI: 0.81-1.32, Z-test = 0.28,
p = 0.780). The estimated heterogeneity between studies
was moderate (12 = 54%) (Fig. 5).

The 5-year EFS rate was reported in 6 studies (n = 1902).
The estimated 5-year EFS rate was 61.2% (1164/1902)
with the use of MAP regimens compared to the other

chemotherapeutic regimens. The forest plot, as shown
in Fig. 6A, revealed non-significant differences between
the comparison groups (OR = 1.13 (95% CI: 0.76-1.68), Z-
test = 0.61, p = 0.540) with moderate heterogeneity (12 = 74%).
The subgroup analysis of the pooled OR of the 5-year EFS
rate with MAP chemotherapy compared to 2-drug combi-
nations, doxorubicin and cisplatin chemotherapy, revealed
a significant difference between the 2 groups in 5-year
EFS rates (OR = 0.57 (95% CI: 0.43-0.76), Z-test = 3.89,
p < 0.001) (Fig. 6B). The comparison of MAP regimen with
MAPI revealed preferable 5-year EFS rates with the addition
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Study or Subgroup log[] SE Weight IV, Random, 95% CI IV, Random, 95% CI
Craft 2009 -0.2019 0.2071 26.8% 0.82[0.54,1.23] — -
Gaspar 2018 0.2593 0.2551 23.5% 1.30[0.79, 2.14)] =il
Marina 2016 -0.2641 01852 28.3% 0.77[0.53,1.10] =K
Pperno 2016 0.6802 0.2857 21.5% 1.97 [1.13, 3.46] =
Total (95% Cl) 100.0% 1.08 [0.72, 1.62] ?
Heterogeneity: Tau®= 0.12; Chi*= 9.69, df= 3 (P = 0.02); F=69% I t T 1 |
Test fi Il effect: Z=0.38 (P = 0.70 el 04 ! 1D 100

estfor overall effect: 2= 0.38 (P = 0.70) Favours [experimental] Favours [control]

A

Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight [V, Random, 95% CI IV, Random, 95% CI
Bramwell 1997 -0.42 01653 61.1% 0.66 [0.48, 0.91] =
Craft 2009 -0.2019 0.2071 38.9% 0.82[0.54,1.23] —-
Total (95% CI) 100.0% 0.72[0.56, 0.92] <
ity: Tau== - Chif= = = F= I t } |

Heterogeneity: Tau®= 0.00; Chi*=0.68, df=1 (P=0.41); F=0% 0.01 01 ] 10 100

Test for overall effect: Z= 2.59 (P = 0.009)
B

Favours [experimental] Favours [control]

Fig. 3. Forest plot of 3-year overall survival (OS) between methotrexate, doxorubicin and cisplatin (MAP) and other regimens of chemotherapy. A. Forest
plot of 3-year OS rates between MAP and other regimens of chemotherapy; B. Forest plot of MAP 3-year OS rates compared to the 2-drug chemotherapy

regimen, doxorubicin and cisplatin

SE - standard error; 95% Cl — 95% confidence interval; df — degrees of freedom.

Odds Ratio Odds Ratio
Study or Subgroup  log[Odds Ratio] SE Weight IV, Random, 95% CI Year IV, Random, 95% CI
Bramwell 1992 -0.5698 0.233 24.9% 0.57 [0.36,0.89] 1992 —=—
Craft 2009 02522 0.2136 26.7% 1.29 [0.85, 1.96] 2009 9 P T
Ferrari 2012 -0.0418 0.2892 201% 0.96 [0.54,1.69] 2012 -
Bielack 2015 -0.2069 01975 28.3% 0.81[0.55,1.20] 2015 —-
Total (95% Cl) 100.0% 0.87 [0.62, 1.23] q
Heterogeneity: Tau®= 0.07; Chi*= 7.00, df= 3 (P = 0.07); F=57% l[] 0 011 1 110 1[10:
Testfor overall effect: Z=0.80 (P = 0.42) Favours [experimental] Favours [control]
A
Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Bramwell 1992 -0.5698 0233 25.8% 0.57[0.36,0.89] 1992 o
Craft 2009 0.2522 0.2136 27.8% 1.29[0.85, 1.96] 2009
Whelan 2012 -0.252 0.0122 46.4% 0.78[0.76,0.80] 2012 o
Total (95% CI) 100.0% 0.82[0.58, 1.17]
Heterogeneity: Tau®= 0.07; Chi*=7.43, df=2 (P=0.02); F=73% .01 01 1 10 100

Test for overall effect: Z=1.09 (P=0.27)
B

Favours [experimental] Favours [control]

Fig. 4. Forest plot of 5-year overall survival (OS) between methotrexate, doxorubicin and cisplatin (MAP) and other regimens of chemotherapy. A. Forest
plot of 5-year OS rates between MAP and other regimens of chemotherapy; B. Forest plot of MAP 5-year OS rates compared to the 2-drug chemotherapy

regimen, doxorubicin and cisplatin

SE - standard error; 95% Cl — 95% confidence interval; df — degrees of freedom.

of ifosfamide, as shown in Fig. 6C. However, the overall OR
was statistically non-significant (OR = 1.73 (95% CI: 0.96—
3.11), Z-test = 1.82, p = 0.070), with moderate heterogeneity
(%* = 4.65, p = 0.100, I? = 57%). The adjustment for factors
such as gender, race, and age, as well as subgroup analysis
were not conducted because of the limited data on the influ-
ence of these variables in the included studies. We assessed
the impact of each study on the overall results using sensitiv-
ity analysis. The symmetrical shape of the funnel plots and

the results of Eggers’s test, as illustrated in Table 3, did not
show any evidence of publication bias.

Overall severe adverse effects and
systemic toxicities

The chemotherapy-related toxicities are summarized
in Table 4. Seven common adverse effects of chemother-
apy were observed in the eligible studies. These included
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Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Meyers 2005 0.4414 02311 151% 1.55[0.99, 2.45] 2005 Bk
Craft 2009 -0.6061 0.2865 11.8% 0.55[0.31,0.96) 2009 |
Bielack 2015 -0.1751 01746 19.5% 0.84 [0.60,1.18) 2015 =
Marina 2016 0.0902 01615 20.6% 1.09[0.80,1.50] 2016 =] W
Pperno 2016 0.2885 0.2314 151% 1.33[0.85,2.10) 2016 5=
Gaspar 2018 0.0651 01957 17.8% 1.07[0.73,1.57) 2018 T 2
Total (95% CI) 100.0% 1.04 [0.81, 1.32] ?
Heterogeneity: Tau®= 0.05; Chi*= 10.89, df= 5 (P = 0.05); F= 54% =0 0 0§1 ] 1*0 100’
Test for overall effect. Z=0.28 (P=0.78) ’ ’
Fig. 5. Forest plot of 3-year event-free survival (EFS) between methotrexate, doxorubicin and cisplatin (MAP) and other regimens of chemotherapy
SE - standard error; 95% Cl - 95% confidence interval; df — degrees of freedom.
Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Link 1991 23026 08874 4.3% 10.00[1.76,56.93] 1991
Bramwell 1992 -0.6453 0.2314 18.8% 0.52[0.33,0.83] 1992 e
Meyers 2005 0.3448 02225 19.2% 1.41[0.91,2.18] 2005 TS
Ferrari 2012 03731 0.2613 17.6% 1.45[0.87,2.42] 2012 o o
Marina 2016 -0.0258 0.1608 21.6% 0.97[0.71,1.34) 2016 e
Senerchia 2017 0.1085 0.2405 18.5% 1.11[0.70,1.79] 2017 T e
Total (95% CI) 100.0%  1.13[0.76, 1.68] ?
Heterogeneity: Tau*= 0.16; Chi*=19.02, df=5 (P = 0.002); F= 74% ) i T i |
Testfi Il effect: Z= 0.61 (P = 0.54 i i 1 L, L
estfor overall effect: Z= 0.61 (P = 0.54) Favours [experimental] Favours [control)
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Odds Ratio Odds Ratio
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Fig. 6. Forest plot of 5-year event-free survival (EFS) between methotrexate, doxorubicin and cisplatin (MAP) and other regimens of chemotherapy. A. Forest
plot of 5-year EFS rates between MAP and other regimens of chemotherapy; B. Forest plot of MAP 5-year EFS rates compared to 2-drug chemotherapy
regimen, doxorubicin and cisplatin; C. Forest plot of MAP 5-year EFS compared to the MAP with ifosfamide (MAPI) regimen

SE - standard error; 95% Cl — 95% confidence interval; df — degrees of freedom.

neutropenia, febrile neutropenia, thrombocytopenia, hy-
pophosphatemia, cardiac toxicity, mucositis, and anemia.
Neutropenia events were the most common, with an in-
cidence rate of 87.4% (615/703) for MAP or MAPI regi-
mens and 92.9% (416/448) for other chemotherapy regi-
mens. The thrombocytopenia incidence rate was lower for

the MAP or MAPI regimen (69.1% (484/700)), compared
to other combinations of chemotherapy (78.9% (355/450)).
The incidence rates for febrile neutropenia and anemia
were lower for MAP or MAPI regiments compared to other
chemotherapy combination regimens: 62.8% compared
to 79.5% and 70.2% compared to 81.6%, respectively.
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Table 3. Egger’s test results for publication bias

Egger’s test
Outcome

MAP vs. other 1.02 0.356

3-year OS
o MAP vs. 2-drug regimen 1.08 0.841
MAP vs. other —0.66 0.752

5-year OS
MAP vs. 2-drug regimen 0.53 0.923
3-year EFS MAP vs. other 033 0.633
- MAP vs. other 0.87 0.325
5-year EFS MAP vs. 2-drug regimen 042 0.561
MAP vs. MAPI 0.21 0.582

MAP — methotrexate, doxorubicin and cisplatin; MAPI - MAP with ifosfamide; EFS — event-free survival; OS — overall survival.

Table 4. Complications and adverse effects

Adverse effects* Patients, n

MAP or MAPI chemotherapy Other chemotherapy regimens

Neutropenia 1031 1151
Thrombocytopenia 839 1150
Febrile neutropenia 1221 1716
Hypophosphatemia 202 885
Cardiac toxicity 27 1283
Mucositis 256 838
Anemia 689 908

events/patients, n events/patients, n

615/703 0.874 416/448 0.929
484/700 0.691 355/450 0.789
538/857 0.628 683/859 0.795
69/442 0.156 133/443 0.30
11/639 0.017 16/644 0.025
127/423 0.30 129/415 0.311
321/457 0.702 368/451 0816

* severe adverse effects with grade >3; MAP — methotrexate, doxorubicin and cisplatin; MAPI = MAP with ifosfamide.

Discussion

Osteosarcoma is the most prevalent bone tumor
in the young age group, with a high mortality rate and
the risk of metastasis to other organs, commonly the lymph
nodes and lungs, in about 30% of patients.?¢ Multi-drug
combination chemotherapy and surgery have been as-
sociated with improved survival rates of up to 80%.>%"
The frontline chemotherapy combination for osteosarcoma
treatment includes high-dose methotrexate, cisplatin and
doxorubicin with or without ifosfamide. However, the over-
all efficacy of this regimen is still controversial in many
RCTs. To the best of our knowledge, this study is the latest
meta-analysis on the effectiveness and tolerability of first-
line chemotherapy combination drugs for osteosarcoma.

This meta-analysis included 12 RCTs with a total
of 4102 patients. The outcomes for the 3- and 5-year OS
and EFS were used for efficacy assessment. The total num-
ber of severe adverse events was evaluated as a measure
of the safety and tolerability of different chemotherapeutic
regimens. Based on the conducted analysis, no signifi-
cant difference was observed in the survival rate between
MAP and other regimens. These results are consistent
with a recently published meta-analysis by Yu et al.28 How-
ever, the subgroup analysis showed that the MAP regimen
significantly improved 3-year OS and 5-year PFS when
compared to the doxorubicin and cisplatin combination.

Consistent with our results, Bacci et al. reported signifi-
cant survival benefits with a methotrexate-based regi-
men among patients with osteosarcoma.?” High-dose
methotrexate seems to play a pivotal role in the efficacy
of the multi-drug combination regimen; however, its ex-
act mechanism has not yet been clarified.?® Ifosfamide,
a cyclophosphamide analog, is a highly effective thera-
peutic agent in osteosarcoma treatment. In our results,
the comparison of MAP with MAPI revealed a favorable
5-year event-free prognosis with the addition of ifosfamide
to the regimen, but the difference was not significant
(p = 0.070). The relatively small number of the included
studies could have prevented the detection of significance.
A meta-analysis conducted by Fan et al. reported a reduced
mortality rate of about 17% and remarkable responses with
a chemotherapeutic regimen based on ifosfamide.3!

According to our results, the MAPI regimen could sig-
nificantly improve the survival rates of patients with os-
teosarcoma compared to the 2-drug chemotherapeutic
regimen (doxorubicin and cisplatin). Furthermore, MAPI
showed better outcomes compared to the MAP regimen;
however, the difference was non-significant.

Although the MAP regimen, with or without ifosfamide,
showed better responses and prognoses in patients with
osteosarcoma, its adverse effects are also a matter of con-
cern. The safety assessment of MAP and MAPI chemo-
therapy-based regimens showed lower rates of toxicities,
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including neutropenia, thrombocytopenia, febrile neu-
tropenia, hypophosphatemia, cardiac toxicity, mucositis,
and anemia. These results are consistent with the meta-
analysis by Yu et al., which reported lower rates of adverse
effects with MAP-based regimens, especially with regards
to febrile neutropenia, thrombocytopenia, anemia, and hy-
pophosphatemia.?® The combination of both neoadjuvant
and adjuvant chemotherapeutic regimens with surgery
has become the major strategy for osteosarcoma treat-
ment.?? The addition of neoadjuvant chemotherapy before
resection has many advantages, including better control
of the primary tumor, reduced metastasis incidence, and
early assessment of the prognosis. Several studies have
confirmed a similar efficacy with MAPI as neoadjuvant
and adjuvant chemotherapy regimen.3%33

This meta-analysis had numerous strong points. First,
this is the latest meta-analysis on the efficacy and safety
of the first-line regimens of chemotherapy for osteosar-
coma treatment. Second, we explored the efficacy of the if-
osfamide addition to the MAP regimen, and we compared
the 2-drug regimen, cisplatin/doxorubicin, with the metho-
trexate-based multi-chemotherapy regimens. Third, the ab-
sence of publication bias was evident qualitatively, after
visual inspection of the funnel plot, and quantitatively, after
conducting the statistical test for publication bias. Besides,
our findings provide clear and concise evidence for the ef-
ficacy and safety of osteosarcoma chemotherapy.

Limitations

Nonetheless, the present meta-analysis had some limita-
tions. The main limitation of the study was the use of evi-
dence with potential bias. Some of the included RCTs did
not adequately describe the allocation and blinding tech-
niques, which might affect the validity of the findings.
Second, the lack of adjustment to the confounding factors
could affect the overall outcomes. Besides, some compari-
sons included a small number of studies; therefore, further
studies are warranted to develop the optimum strategy for
osteosarcoma treatment and prognosis.

Conclusions

The MAP chemotherapy regimen for osteosarcoma
showed superiority over other regimens, especially over
the 2-drug regimen (doxorubicin/cisplatin) for osteosar-
coma treatment in terms of better prognosis and safety.
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Abstract

Background. Renal steatosis is an abnormal accumulation of fat in the kidney and may cause chronic kidney
disease (CKD) or CKD progression.

Objectives. This pilot study aimed to evaluate the quantitative measurability of the parenchymal distribution
of lipid deposition in the renal cortex and medulla using chemical shift magnetic resonance imaging (MRI)
and investigate its relationship with clinical stages in CKD patients.

Materials and methods. The study groups included CKD patients with diabetes (CKD-d) (n = 42), (KD
patients without diabetes (CKD-nd) (n = 31) and control subjects (= 15), all of whom underwenta 1.5T MR
of the abdomen using the Dixon two-point method. The fat fraction (FF) valuesin the renal cortex and medulla
were calculated from measurements made on Dixon sequences, and then compared between the groups.

Results. The cortical FF value was higher than the medullary FF value in control (0.057 (0.053—0.064)
compared to 0.045 (0.039—0.052), CKD-nd (0.066 (0.059—0.071) compared to 0.063 (0.054—0.071)), and
(KD-d (0.081 (0.071-0.091) compared to 0.069 (0.061-0.077)) groups (all p < 0.001). The CKD-d group
cortical FF values were higher than those of the CKD-nd group (p < 0.001). The FF values began increasing
at (KD stages 2 and 3, and reached statistical significance at stages 4 and 5 in CKD patients (p < 0.001).

Conclusions. Renal parenchymal lipid deposition can be quantified separately in the cortex and medulla
using chemical shift MRI. Fat accumulation occurred in cortical and medullary parenchyma in CKD patients,
though predominantly in the cortex. This accumulation increased proportionally with the disease stage.

Key words: magnetic resonance imaging, chemical shift imaging, chronic kidney disease, renal steatosis,
fatty kidney disease
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Background

Renal steatosis is an abnormal accumulation of intracellu-
lar triglycerides/lipids in the kidney, which may cause the de-
velopment and/or progression of chronic kidney disease
(CKD).}-3 Fatty acids accumulate as intracellular droplets
and cause the release of toxic cytokines, resulting in intersti-
tial fibrosis and loss of kidney function.*~¢ Inspired by non-
alcoholic fatty liver disease (NAFLD), the term “fatty kid-
ney disease (FKD)” has been used recently in the literature.®
In this regard, the effects of intra-abdominal, perirenal and
parenchymal fat deposits on the kidneys are evaluated, as well
as the relationships between FKD and insulin resistance,
type 2 diabetes, obesity, metabolic syndrome, hyperlipidemia,
hypertension, NAFLD, and cardiovascular disorders.®#

To evaluate renal steatosis, parenchymal lipid accumula-
tion must be quantitatively measured. The gold standard
renal steatosis assessment method is a biopsy followed
by quantitative enzymatic measurement of triglycerides
and qualitative oil red O staining. However, these methods
are invasive and can increase the risk of complications.’
Non-invasive lipid measurement is also possible using fatty
tissue-sensitive chemical shift magnetic resonance imaging
(MRI).1°-12 Chemical shift imaging is an MRI technique for
detecting small areas (voxels) that contain water and fat pro-
tons. In this technique, the difference in resonance between
water and oil protons is used to obtain images, with images
taken from the in-phase (IP) and out-of-phase (OP) times
of water and fat protons. In voxels containing both water
and fat, signal loss occurs in OP images, though voxels con-
taining only fat or water protons have no signal difference
between the OP and IP images.!®* With the simple addition
and subtraction of the 2 images, 1 image containing only
water and 1 containing only fat can be obtained. The Dixon
technique can be generally used for the suppression or quan-
tification of fat in various types of pulse sequences and allows
for the measurement of the fat—water fraction in a precise
region of interest (ROI) with higher spatial resolution.*!>
A few molecular imaging studies have recently evaluated
lipid accumulation in the kidneys.”'1215-17 However, no
study has separately evaluated lipid deposition in the cortical
and medullary components of the parenchyma.

Objectives

This pilot study evaluated the quantitative measurability
of cortical and medullary parenchymal lipid deposition
in CKD patients using chemical shift MRI.

Materials and methods

The study was carried out as a retrospective archive
search. It was conducted in accordance with the Declara-
tion of Helsinki after obtaining approval from the Clinical

H. Aydin et al. Evaluation of renal steatosis using MRI

Research Local Ethics Committee of the Faculty of Medi-
cine of Suleyman Demirel University (Isparta, Turkey;
decision No. 14/210 issues on July 27, 2020).

Study setting and participants

Study subjects were selected randomly from patients
registered in the picture archiving and communication
system (PACS) of our hospital, who were treated and fol-
lowed up with a diagnosis of CKD and/or diabetes between
2016 and 2020, and those who had an upper abdominal
MRI examination for any reason. In total, 117 CKD pa-
tients followed up in the Department of Nephrology were
considered eligible for the study. Patients younger than
18 years (n = 2) or with malignancy (n = 2), polycystic
or multicystic kidney disease (n = 5), renal transplanta-
tion (n = 2), or chronic liver disease (n = 9) were excluded
from the study. Patients were also excluded if they had
insufficient data in PACS (n = 13) or artifacts on MRI that
prevented measurement (n = 11). The remaining 73 CKD
patients were divided into 2 subgroups based on the pres-
ence or absence of diabetes, including CKD patients with
diabetes (CKD-d) (n = 31) and CKD patients without dia-
betes (CKD-nd) (n = 42). The presence of diabetes was de-
termined using the patient’s history registered in the hos-
pital PACS, the use of oral antidiabetic/insulin, or daily
urine albumin level greater than 30 mg.!® The clinical
staging of CKD was assigned according to the estimated
glomerular filtration rate (eGFR),” which was calculated
using the CKD Epidemiology Collaboration (CKD-EPI)
method.?’ The control group (n = 15) consisted of pa-
tients who underwent upper abdomen MRI for any rea-
son other than kidney disease (such as liver hemangioma
and gallbladder pathologies) and who, according to PACS
data, did not have urinary disease, diabetes, malignancy,
connective tissue disease, or chronic systemic disease.
The final evaluation included 176 kidneys of 88 patients
— 73 in the CKD group and 15 in the control group. All
measurements required for fat fraction (FF) calculation
from the renal cortical and medullary parenchyma were
performed by a single radiologist (the corresponding au-
thor) with 10 years of abdominal MRI experience.

MRI examination parameters

Magnetic resonance imaging scans were obtained us-
ing a 1.5 Tesla unit (Magnetom Avanto; Siemens Medical
Solutions, Erlangen, Germany) and a 16-channel body coil
with the patient in supine position without sedation. Im-
ages were acquired as axial and coronal plane turbo spin-
echo T2-weighted (TSE T2W) without fat saturation and
breath-hold, and gradient-echo sequence fat saturated T1
volumetric interpolated breath-hold examination (VIBE),
based on the Dixon two-point method and taken as IP and
OP to detect intracellular lipid. The version of the VIBE-
Dixon sequence applied in this study was a generic version



Adv Clin Exp Med. 2024;33(5):455—-462 457

Table 1. Magnetic resonance examination parameters

Examination parameters Dixon Water (DW)

In-phase (IP)

Out-of-phase (OP) Dixon Fat (DF)

Voxel size [mm] 0.6x06x3 0.6x06x3 0.6x06x3 06x06x3
FOV [mm] 261 x 380 261 % 380 261 %380 261 %380
Matrix size [mm] 288 x 320 288 x 320 288 x 320 288 x 320
TR [ms] 7.08 7.08 7.1 7.1

TE [ms] 239 4.77 24 24
Flip angle [°] 10 10 10 10
Bandwidth [Hz/Px] 490 490 490 490
Slice thickness [mm] 3 3 3 3
NEX 1 1 1 1
Acquisition time [s] 16 16 16 16
Slice gap [mm] 20 20 20 20

FOV - field of view; TR — repetition time; TE — echo time; NEX — number of excitations.

rather than the modified quantitative Dixon sequence, so
that IP, OP, water, fat, proton density fat fraction (PDFF),
and T2* maps could be calculated. The chemical shift
MRI examination parameters are presented in Table 1.

Evaluation of images and measurements

Allimages were evaluated using OsiriX MD v.10.0.2 soft-
ware (General Public License (GPL) licensed free to access
resource code and commercially licensed with US. Food
and Drug Administration (FDA) approval; UCLA, Pixmeo,
Bernex, Switzerland) on a MacOS-X radiology workstation
(Apple Inc., Cupertino, USA). The measurements were per-
formed by a single radiologist with 10 years of abdominal
MRI experience. The intra-observer agreement values for
measurements were found to be 0.918 (for cortical FF) and
0.956 (for medullary FF). Slices were evaluated on T2W
images to exclude artifacts, space-occupying lesions or vas-
cular pathologies. Measurements in the axial plane were
made on Dixon Fat (DF) and Dixon Water (DW) sequences
from the most appropriate single slice passing through
the renal hilus level without any space-occupying lesions.

The ROI used for measurement in the DW sequence
was placed using the copy—paste method in the same pa-
renchymal location of the corresponding slice in the DF
sequence so that the measurements were from the same
location on both sequences, with the same ROI. Three
measurements were taken using a 20-mm? circular ROI
from the areas where the cortex and medulla meet, and
then the average was calculated for analysis (Fig. 1). Renal
FF values were calculated using the formula below!?:

FF = [DF/(DF + DW)].

The sample size was found to be sufficient as a result
of power analysis performed using the GPower 3.1.9.2 soft-
ware (Kiel University, Kiel, Germany). The selected test
family included F tests and fixed effects one-way analy-
sis of variance (ANOVA). The effect size was calculated

as d = 0.80 using the measurements from the pilot study.
The Type-I error rate and the power were considered 5%
and 0.95, respectively. Therefore, the total sample size was
determined as n = 32.

Statistical analyses

The statistical analyses employed IBM Stastistical Package
for Social Sciences (SPSS) v. 20.0 (IBM Corp., Armonk, USA)
software. The continuous variables were expressed as mean
with 95% confidence intervals (95% Cls), and the categorical
variables as frequency (percentage (%)). The Shapiro—Wilk
test assessed the normality of continuous variables. For
comparisons between 2 independent groups, Student’s t-test
was applied with Welch robust correction test if the vari-
ances were not equal. One-way ANOVA with the Tamhane
post hoc test was used for multiple groups since the vari-
ances were not homogenous, and the Brown—Forsythe ro-
bust correction test was applied to meet the assumptions
of homogeneity. The receiver operating characteristic
(ROC) analysis was performed, and the diagnostic ratios
for sensitivity and specificity for cortical and medullary
measurements were calculated. The intra-observer agree-
ment was calculated using interclass correlation (ICC) with
two-way mixed and average single-measure methods. There
were no missing data in the dataset. A value of p < 0.05 was
considered statistically significant.

Results

The evaluations included 176 kidneys of 88 adults
(53.3% males, 46.7% females). The mean patient age was
59.28 £13.05 years in the CKD group and 55.41 +14.41 years
in the control group (p = 0.001). Gender did not affect
the FF values (p > 0.05).

The cortical FF values were significantly higher than
the medullary FF in all groups (p < 0.001) (Table 2).
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Fig. 1. Measurements recorded for Dixon Water (A) and Dixon Fat imaging (B) used to calculate cortical fat fraction (FF) values, and for Dixon Water (C) and
Dixon Fat imaging (D) used to calculate medullary FF values

Table 2. Evaluation of the cortical and medullary distribution of renal lipid accumulation in the study groups

Study groups Cortical FF Medullary FF Mean difference;
mean (95% Cl) t(Welch); df; p
Control group 30 0.057 (0.053-0.064)? 0.045 (0.039-0.052)° 0.011;5.022; 29; p < 0.001**
CKD patients 146 0.072 (0.064-0.078) 0.063 (0.054-0.071) 0.009;4.103; 145; p < 0.007**
CKD without diabetic 84 0.066 (0.059-0.071) 0.058 (0.051-0.061) 0.007; 3.108; 83; p = 0.004**
CKD with diabetes 62 0.081 (0.071-0.091)2 0.069 (0.061-0.077)° 0.012;3.172;61; p = 0.002**
Feontrasy df and p 5.081; df =3 and p = 0.002* 6.753;df =3 and p < 0.001*
Brown-Forsythe; df and p 10.444; df =3 and p < 0.001* 78435; df =3 and p < 0.001* -

*significant at p < 0.05 level according to one-way analysis of variance (ANOVA) with Brown—Forsythe robust correction test for heterogeneity of variances;

Hy — mean difference between the groups are the same; H; — at least 1 mean is different from other means; ** significant at p < 0.05 level according to t-test with
Welch robust correction test for unequal variances; @ the same superscript letters denote the significant pairwise comparison for the cortex fat fraction (FF) values
between the study groups according to the Tamhane post hoc test; ° the same symbols denote the significant pairwise comparison for the medullary FF values
between the study groups according to the Tamhane post hoc test; CKD — chronic kidney disease; df — degrees of freedom; 95% Cl — 95% confidence interval.
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Fig. 2. Bar graph of the cortex and medulla fat fraction (FF) values with
95% confidence intervals (95% Cls) for chronic kidney disease (CKD)

stages in all CKD patients (Brown-Forsythe = 3.817, degrees of freedom
(df) = 3,45.14; p = 0.016 for cortex FF with a significant Tamhane post hoc
test result of comparison between stages 2 and 5 (p = 0.021); Brown-
Forsythe =6.318, df = 3,46.71; p = 0.001 for medullary FF with a significant
Tamhane post hoc test result of comparison between stages 2 and 5
(p=0.003) and 3 and 5 (p = 0.037))

0,14
I Cortex FF
I Medullary FF T
012 e
'.'
oo ¢ |
o : '
N : 9
] ® i
008 = i :
: 6 1
H ?
006 : ' :
@ : :
e - A R H
- “
0,04
2 3 4 5
CKD-d Stages

Fig. 3. Bar graph of the cortex and medulla fat fraction (FF) values with
95% confidence intervals (95% Cls) for chronic kidney disease (CKD)

stages in diabetic chronic kidney disease (CKD-d) patients (Brown—
Forsythe = 3428, degrees of freedom (df) = 3,34.73; p = 0.038, for Cortex
FF with a significant Tamhane post hoc test result of comparison between
stages 2 and 5 (p = 0.037); Brown-Forsythe = 4.634, df = 3,30.03; p = 0.043,
for medullary FF with a significant Tamhane post hoc test result of
comparison between stages 2 and 5 (p = 0.041))

In the CKD-d patients, a significant increase was observed
in the cortical FF values compared to the control sub-
jects (p < 0.001). The medullary FF values in both CKD
groups increased, but the values were significantly higher
in the CKD-d group than in the control group (p < 0.001).
However, in contrast to the CKD-d group, the elevated
cortical and medullary FF values in the CKD-nd group
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Fig. 4. Bar graph of the cortex and medulla fat fraction (FF) values with
95% confidence intervals (95% Cls) for chronic kidney disease (CKD)
stages in non-diabetic chronic kidney disease (CKD-nd) patients (Brown—
Forsythe = 2.954, degrees of freedom (df) = 3, 9.61; p = 0.046, for Cortex
FF with significant a Tamhane post hoc test result of comparison between
stages 2 and 5 (p = 0.047); Brown-Forsythe = 3.851, df = 3, 12.83; p = 0.037,
for medullary FF with a significant Tamhane post hoc test result of
comparison between stages 2 and 5 (p = 0.040))

had no statistical significance compared to the control
group (p > 0.05).

The cortical and medullary FF measurements in the CKD
groups, based on the CKD stages, are presented in Fig. 2—4.
There was no significant difference between the control
group (healthy kidneys) and the CKD groups at stage 1 for
cortical and medullary FF values (p > 0.05). When all CKD
patients were considered as a single group, there was no
significant difference between stage 1 and 2 cortical FF val-
ues. A statistically significant difference was determined
in the cortical and medullary FF values at stage 2 compared
to stage 5 values (cortex, p = 0.021; medulla, p = 0.003).
In addition, there was a significant difference between
stage 3 and stage 5 for medulla values (p = 0.037) (Fig. 2).
In the CKD-d group, the cortical and medullary FF values
increased with the clinical stage and reached statistical sig-
nificance between stages 2 and 5 (p = 0.037 and p = 0.041,
respectively) (Fig. 3). The cortical and medullary FF values
in the CKD-nd group were similar to those of the CKD-d
group, with statistical significance between stages 2 and 5
(cortex, p = 0.047; medulla, p = 0.040) (Fig. 4).

The ROC analysis showed a significant difference be-
tween the control and CKD-d patient groups with respect
to the area under the curve (AUC) values for both cortical
and medullary FF. The cutoff value of 0.076 for cortical FF
had a sensitivity of 96.7%, while the cutoff value of 0.056
for medullary FF had better diagnostic ratios, as shown
in Table 3.

The results of normality and homogeneity of variance
assumptions with related tests are presented in Supple-
mentary Table 1 (https://doi.org/10.5281/zenodo.7961812).


https://doi.org/10.5281/zenodo.7961812
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Table 3. Receiver operating characteristic (ROC) analysis results of cortical and medullary fat fraction (FF) values between the control group and diabetic

chronic kidney disease (CKD-d) patients

FF Comparison Comparison

AUC (95% Cl)

Sensitivity [%] Specificity [%]

p-value

measurements group 1
Cortical FF control CKD-d
Medullary FF control CKD-d

group 2

0.699 (0.591-0.806)
0.768 (0.670-0.866)

Cutoff ‘

value (95% Cl)
96.7 (91.05-99.24)

83.3 (74.52-90.01)

(95% Cl)
39.0 (29.40-49.27)
61.7 (51.44-71.25)

0.002* 0.076
<0.001* 0.056

*significant at 0.05 level according to ROC analysis; AUC — area under curve; 95% Cl — 95% confidence interval.

Discussion

This study demonstrated for the first time the separate
quantitative evaluation of parenchymal lipid deposition
in the cortex and medulla and its relationship with the clin-
ical stages of CKD using a radiological imaging method.
We found that fat accumulation occurs in the cortex and
medulla in CKD patients, predominantly in the cortex,
and is positively correlated with the clinical stages of CKD.
The importance of lipid accumulation in the cortex relative
to the medulla in the early stages of diabetes demonstrated
using MRI was consistent with the biopsy findings, sug-
gesting that this technique is valid for measuring cortical
and medullary lipid accumulation in the kidney. Previ-
ous histopathological studies have shown that parenchy-
mal intracellular lipid deposition in CKD mainly occurs
in the parts of the renal cortex containing the glomerulus
and proximal tubules.?"?> Magnetic resonance imaging
studies have demonstrated the presence of very little renal
parenchymal lipid in healthy volunteers and an increase
in the amount of lipid in the kidney parenchyma (with-
out cortex/medulla distinction) in diabetic patients.'"'723
However, as far as we know, an MRI study on the distribu-
tion of parenchymal lipid deposition in the cortex and med-
ullary components in CKD patients, as well as on its rela-
tionship with clinical stages, has not yet been performed.

Cortical and medullary lipid depositions differed accord-
ing to the CKD stage.?#?> At stage 1 CKD, there was no
significant increase in the amount of parenchymal lipid, and
the cortical and medullary lipid distributions were similar
to those of the control group. In CKD patients, parenchy-
mal lipids increased from stage 2 and reached a statistically
significant level at stages 4 and 5. Although there was no
statistical significance at stages 2 and 3, the FF increase
was greater in the cortex than in the medulla. There was
no significant difference between the cortex and medulla
in lipid accumulation at stages 4 and 5, which suggests that
parenchymal lipid accumulation is diffuse in advanced
CKD. The detection of different amounts of lipid accu-
mulation in parenchymal components in different clinical
stages suggests that this novel technique presents a new
area of research for experimental clinical and drug studies.
Ifthe technique proves useful, it can be applied free of charge
to patients undergoing MRI for any reason, since chemical
shift sequences are routinely obtained during abdominal
MRI scans. In this regard, prospective multicenter studies
can be conducted with larger patient groups to determine

cutoff values according to the clinical stages of CKD and
test inter-observer and intra-observer reliability.

Renal lipid accumulation may develop independently
of hyperglyceridemia.® In the CKD-nd group, cortical and
medullary FF values increased in parallel with the increase
in the clinical stage, but no statistical significance was
identified (Table 2). The possible reason for this discrep-
ancy may be the lower number of stage 4 and 5 CKD pa-
tients in this group compared to those at stages 1 and 2.

The relationship between diabetes and renal parenchy-
mal lipid accumulation is not clear. Some studies have re-
ported that diabetes does not have a significant relationship
with renal lipid accumulation.???* In contrast, other studies
have reported a significant increase of renal lipid content
in diabetes patients.'>!”?? Yokoo et al. conducted a study
using 3T MRI, with measurements taken from an ROI
through the whole parenchyma, and reported that the renal
parenchyma FF rate (2.38%) was high in diabetes patients,
independently of serum creatinine, body mass index (BMI)
and Hb-A1c, and concluded that steatosis was an indepen-
dent risk factor.!! In the present study, the increase in FF
values in CKD-d group was higher than in the CKD-nd
group, and the cortical and medullary FF values increased
in parallel with the increasing stage. This finding suggests
that diabetes could have a triggering effect on lipid accu-
mulation in patients with CKD. However, it would not be
correct to make a conclusion regarding the impact of dia-
betes on renal steatosis based on the results of the current
study. Indeed, this study only focused on measuring FF
in the renal cortex and medulla in CKD, and there was no
evaluation of other risk factors that may affect renal ste-
atoses, such as diabetes severity and duration, concomitant
hypertension, metabolic syndrome, or obesity.

Inspired by the concept of NAFLD, the term FKD has
recently been proposed to express the local and systemic
effects of ectopic fat accumulation. Within this concept,
the renal effects of intra-abdominal, perirenal and paren-
chymal fat depositions are evaluated (albuminuria, CKD,
and podocyte toxicity).” Thus, as for NAFLD, it has been
reported that renal steatosis can be treated as a separate
disease or can be a part of a more extended metabolic disor-
der.%” Such a distinction is important for clinical purposes,
and targeting metabolic disorders as a whole may also im-
pact kidney structure and function. In this regard, it is cru-
cial to evaluate if the medications for NAFLD can also
decrease kidney lipid accumulation.® Moreover, it is clini-
cally important to investigate the relative impact of cortical
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or medullary lipid accumulation. As this pilot study pri-
marily aimed to measure fat accumulation quantitatively
in the cortex and medulla but not to investigate the clinical
significance of cortical and medullary fat accumulation,
future studies are needed to highlight these issues. However,
in contrast to NAFLD, in which fat accumulation is clearly
evident, lipid accumulation in the kidney is scarce and sensi-
tive techniques may be necessary to evaluate trace amounts
of fat deposition, which may be clinically important.

Multiparametric renal MRI biomarkers have been de-
veloped and proposed for evaluating renal inflammation,
oxidative stress, hypoxia, and fibrosis.?®?” However, a stan-
dard radiological approach that will contribute to the defi-
nition of FKD has not yet been developed.” The present
study showed that the addition of quantitative parenchy-
mal FF measurements using chemical shift renal MRI
could contribute to FKD understanding and development,
though more studies are required to highlight the clinical
importance of our findings.

Limitations

This study had several limitations. Selection bias is in-
herent to the retrospective design of the study. Although
biopsy is the gold standard, it was not performed to mea-
sure the amount of fat in the renal parenchyma. However,
the chemical shift MRI technique, which is accepted for as-
sessing lipids in the liver, was used for the noninvasive mea-
surement of the amount of renal parenchymal lipids. The di-
agnosis and staging of CKD were defined according to eGFR,
though there is an increasing recognition that eGFR alone
may not be specific to CKD, and the Kidney Disease: Improv-
ing Global Outcomes (KDIGO) recommendations suggest
adding proteinuria to the classification.?° Moreover, the study
focused on quantifying fat accumulation in the renal cortex
and medulla in patients with CKD and evaluating its relation-
ship with the clinical stage. However, it may be interesting
to investigate the relationship between renal parenchymal
steatosis and parameters such as obesity, hypertension, meta-
bolic syndrome, uric acid, insulin resistance, triglycerides,
fasting blood glucose, and hemoglobin A1C (HbAlc) using
this method. Also, the reliability of the measurements could
not be evaluated, as they were made by a single observer.
However, the measurements were reliable since the cortex
and medulla are clearly distinguished in Dixon Water images,
measurements are made from the same section and region
with the cut-copy—paste technique, and the number and
size of the measurements are standard.

Conclusions

Results of this study demonstrated that fat accumulation
occurred in both the cortex and medulla, predominantly
in the cortex of CKD patients, and correlated positively
with the clinical stages of CKD. As such, FF measurements
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using chemical shift MRI could be used as a radiologi-
cal criterion for developing the FKD concept, since even
very small cortical and medullary lipid deposits can be
measured quantitatively. However, to validate these find-
ings, there is a need for prospective multicenter trials with
larger patient groups to determine cutoff values and test
intra-observer and inter-observer reliabilities according
to the clinical stages of CKD.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.7961812. The package contains
the following files:

Supplementary Table 1. The results of normality and
variance homogeneity assumptions.
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Abstract

Background. Total cholesterol (TC) levels represent the comprehensive level of human cholesterol me-
tabolism, which is closely related to the nutritional status, metabolic level, disease development, and aging
of the human body. Total cholesterol plays an important role in the maintenance of bodily functions, requla-
tion of sexual function, immune requlation, and in the development of organisms. Abnormal TC levels are
animportant risk factor for cardiovascular disease (CVD), and TCis closely related to the development of many
diseases, and is used as an important indicator of human blood lipid levels and overall health status. However,
the relationship between serum TC levels and the prognosis of patients with hip fractures remains unclear.

Objectives. To evaluate the association between TC levels and all-cause mortality in patients with geriatric
hip fractures.

Materials and methods. Elderly patients with hip fractures were screened between January 2015 and
September 2019. Patient demographic and clinical characteristics were recorded. Linear multivariate Cox
regression models were used to identify the association between TClevels and all-cause mortality. Analyses
were performed using Empower Stats and R software.

Results. Three hundred and thirty-nine patients were enrolled. The mean follow-up period was 34.18 months.
There were 99 (29.20%) cases of all-cause mortality. Total cholesterol levels after hip fracture were linearly
associated with all-cause mortality in the elderly. Linear multivariate Cox regression models showed that TC
levels were associated with mortality (hazard ratio (HR) = 0.67; 95% confidence interval (95% (1): 0.53—0.85;
p=0.001 after adjusting for confounding factors). Each T mmol/L increase in TC levels was associated with
a 33% reduction in morbidity and mortality. Compared with the low-TC group, mortality was significantly
lower in the middle-TC group (HR = 0.58; 95% CI: 0.35—0.94; p = 0.027) and high-TC group (HR = 045;
95% (I: 0.27-0.75; p = 0.002).

Conclusions. Total cholesterol levels were associated with mortality in geriatric hip fracture patients and
could be considered a protective factor for all-cause mortality.

Key words: all-cause mortality, hip fractures, total cholesterol
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Background

Hip fractures in elderly patients are one of the most com-
mon and severe types of osteoporotic fractures, occurring
overwhelmingly in adults over the age of 70.! The inci-
dence of hip fractures in the elderly increases with age,
and is as high as 7% for those occurring within 10 years
in the aging population aged 75-84 years.? The risk
of death in older people with hip fractures is 6.8 times
higher than that in people of the same age without frac-
tures.? It is predicted that by 2050, approx. 52% (3.3 mil-
lion) of hip fracture cases worldwide will occur in Asian
countries, particularly in China.*® The burden of hip frac-
tures is expected to rise owing to the increase in the elderly
population,® and the resulting medical costs in China will
reach 85 billion USD.? Hip fractures pose a serious threat
to the quality of life and life expectancy of the elderly popu-
lation owing to their high prevalence and disability and
mortality rates.’

In recent years, several scholars have analyzed the fac-
tors affecting the prognosis of hip fractures in elderly
patients and concluded that sex, age, American Society
of Anesthesiologists (ASA) classification, number of un-
derlying medical conditions, preoperative waiting time,
preoperative hemoglobin values, and albumin values are
independent risk factors affecting the postoperative prog-
nosis of elderly hip fracture patients.®

Total cholesterol (TC) levels represent the comprehen-
sive level of human cholesterol metabolism, which is closely
related to the nutritional status, metabolic level, disease de-
velopment, and aging of the human body.’ Total cholesterol
plays an important role in the maintenance of bodily func-
tions, regulation of sexual functions, immune regulation,
and in the development of organisms. Abnormal TC levels
are an important risk factor for cardiovascular disease
(CVD); therefore, TC is closely related to the development
of many diseases,'®! and is used as an important indica-
tor of human blood lipid levels and overall health status.
Current research suggests that lipids and other nutrient
metabolites are associated with the incidences of osteopo-
rosis and osteoporotic fractures.'? Tanké et al. found that
changes in hip bone mineral density (BMD) were closely
related to TC levels and that these changes were a good
predictor of atherosclerosis incidence.!® Related studies
have shown that serum TC levels are positively correlated
with overall bone density in the intertrochanteric space,
greater trochanter, femoral neck, and hip."* Other studies
support the association between BMD in various parts
of the hip and blood lipids.!>!® Few studies on lipid levels
and hip BMD levels suggest that the conversion of nutrient
metabolites in vivo may have an impact on the metabolism
and deposition of bone mineral salts. In a study on inde-
pendent risk factors for osteoporotic fractures of the hip,
Yamaguchi et al. concluded that decreased TC levels were
an independent risk factor for fracture.!” Dyslipidemia oc-
curs when TC levels are elevated, possibly contributing

K. Li et al. Total cholesterol and hip fracture mortality

to the development of osteoporosis by inhibiting the ex-
pression of the osteogenic gene zinc finger structural tran-
scription factor (Osterix) and dwarf-related transcription
factor 2 (Runx2) through the BMP-Smad signaling path-
way, and this mechanism reduces osteoblastic activity.'®
Moreover, abnormal TC levels may differentiate stem cells
in the bone marrow into lipogenic precursor cells, reduce
the number of osteogenic precursor cells, and aggravate
osteoporosis.t’

Objectives

The relationship between serum TC levels and the prog-
nosis of patients with hip fractures remains unclear. There-
fore, the present study assessed the influence of serum
TC levels on patient mortality over a long-term follow-up
period. We hypothesized that there would be a linear as-
sociation between TC levels and mortality. This prospec-
tive cohort study aimed to identify the role of TC levels
in the incidence of hip fractures.

Materials and methods
Study design

We recruited elderly patients who had a hip frac-
ture between January 1, 2015, and September 30, 2019,
at the largest trauma center in Northwest China (Honghui
Hospital in X’ian). This prospective study was approved
by the Ethics Committee of Honghui Hospital (approval
No. 202201009). All procedures involving human partici-
pants were performed in accordance with the 1964 Dec-
laration of Helsinki and its later amendments. The study
flow diagram is shown in Fig. 1.

419 eligible consecutive patients
aged >65 with hip fractures
sustained between Jan 2015 and Sep 2019

excluded:
80 patients who could
not be contacted
by telephone

| 339 patients were included in analysis |

l l

death survival
99 patients 240 patients
! l i l i
low-TC group middle-TC group high-TC group
110 patients 116 patients 113 patients

Fig. 1. Study flow diagram



Adv Clin Exp Med. 2024;33(5):463—471

Participants

The demographic and clinical data of patients were ob-
tained from their original medical records. The inclusion
criteria were as follows: 1) age >65 years, 2) radiographic
or computed tomography (CT) diagnosis of a femoral neck,
intertrochanteric or subtrochanteric fracture, 3) receiver
of surgical or conservative treatment in a hospital, 4) avail-
ability of clinical data in the hospital, and 5) availability and
ability to be contacted by telephone. Patients who could
not be contacted were excluded.

Setting

Patients were examined using blood tests and ultraso-
nography during preparation for surgery. Intertrochanteric
fractures are often managed with closed/open reduction
and internal fixation (ORIF) using a proximal femoral
nail anti-rotation implant. Femoral neck fractures were
often treated with hemiarthroplasty or total hip arthro-
plasty, depending on the patient’s age. Prophylaxis for deep
vein thrombosis was initiated on admission. Upon dis-
charge, the patients were asked to return monthly to assess
the fracture union and orthopedic function.

Variables

Variables in our study were as follows: age, sex, occupa-
tion, history of allergy, injury mechanism, fracture clas-
sification, presence of hypertension, diabetes, coronary
heart disease (CHD), arrhythmia, hemorrhagic stroke,
ischemic stroke, cancer, multiple injuries, dementia,
chronic obstructive pulmonary disease (COPD), hepati-
tis or gastritis, age-adjusted Charlson comorbidity index
(aCClI), time from injury to admission, time from admis-
sion to operation, TC levels, operation time, blood loss,
infusion, transfusion, treatment strategy, length in hospital
stay, and length of follow-up.

Data sources and measurement

After discharge, the patient’s family members were con-
tacted by telephone from January 2022 to March 2022
to record data on the patient’s survival, survival time and
activities of daily life.

Bias

Follow-up was conducted by 2 medical professionals
with 2 weeks of training and 1 year of experience. Pa-
tients who could not be contacted initially were attempted
to be contacted 2 times more. When the family members
of the patients did not respond, the patients were consid-
ered lost to follow-up.
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Study size

We recruited elderly patients who had a hip fracture
between January 1, 2015, and September 30, 2019.

Quantitative variables

Total cholesterol levels were defined using blood test
results at admission. The dependent variable was all-
cause mortality, whereas the independent variable was
the TC level. The other variables were potential con-
founding factors. The endpoint event in this study was
all-cause mortality after treatment. All-cause mortality
was defined as mortality reported by the patient’s family
members.

Statistics analyses

Continuous variables were reported as mean + stan-
dard deviation (M +SD, Gaussian distribution) or median
(range, skewed distribution). Categorical variables are
presented as numbers with proportions. A x? (categorical
variables), one-way analysis of variance (ANOVA, normal
distribution) or Kruskal-Wallis H test (skewed distribu-
tion) were used to detect the differences between TC
levels. Proportional hazard assumptions were checked
graphically and with the Schoenfeld residual test. Mul-
ticollinearity was checked using the variance inflation
factor (VIF). Univariate and multivariate Cox proportional
hazards regression models (3 models) were used to test
the association between TC levels and mortality. Model 1
was not adjusted for covariates, model 2 was a minimally
adjusted model, with adjusted sociodemographic variables,
and model 3 was fully adjusted for all covariates (Table 1).
For the Cox regression model, we used the concordance
index to assess the goodness-of-fit. To test the robust-
ness of our results, a sensitivity analysis was performed.
We converted the TC levels into categorical variables ac-
cording to the anemia criteria and calculated the p-value
for the trend to verify the results. Since Cox proportional
hazards regression model-based methods are often un-
able to study nonlinear models, the nonlinearity between
TC levels and mortality was accounted for using a Cox
proportional hazards regression model with cubic spline
functions and smooth curve fitting (penalized spline
method). In the spline analysis, a restricted cubic spline
transformation of TC with 4 knots (25, 50th, 75t and
95t percentiles in all participants) was used to evalu-
ate nonlinear associations. If nonlinearity was detected,
we first calculated the inflection point using a recursive
algorithm, and subsequently constructed a 2-piecewise
Cox proportional hazards regression model on both sides
of the inflection point.

All analyses were performed using statistical software
packages R (R Foundation for Statistical Computing,
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Table 1. The demographic and clinical characteristics of the study group

(n=339)
TC tertiles Low | Middle | High | p-value TC tertiles Middle High p-value
2l o 104 108 109 0505
TC [mmol/L] 30(28,32)  38(36,40) @ 47(4552) | <0.001* (94.55%) (93.10%) (96.46%) ’
810 80.0 79.0 " Yes 6 (5.45%) 8 (6.90%) 4 (3.54%)
Age [years] (770,860) = (760,850) = (740,830) 012 »
Hepatitis
Gender " 107 14 112 0536+
Male 55 (50%) 37(31.90%) 20(17.70%) @ <0.001 (97.27%) (98.28%) (99.12%) ’
Female 55 (50%) 79 (68.10%) | 93 (82.30%) Yes 3(2.73%) 2 (1.72%) 1 (0.88%)
Injury mechanism Gastritis
Falling 104 (94.55%) | 114(98.28%) | 112(99.12%) 107 115 110
0.076* No 0.575%
Accident 4(364%) | 0(000%) | 1(088%) Srereol ) e TS
Other 2082%) | 2(172%) | 0(0.00%) ves 3@73%) | 1(086%) | 3(265%)
e —— accl 40(40,50 404050 @ 404050 0.14*
. Treatment strategy
Intertrochanteric 5 0 0
fracture 87(7909%) | 84 (7241%) | 68 (60.18%) Conservation 12 (10.91%) 3(2.59%) 8 (7.08%)
Femoral neck 21 (19.09%) | 20 2586%) | 41 36:28%) 0.031% ORIF 76(69.09%) | 83 (71.55%) | 63 (55.75%) |  0.02
AT HA 22(2000%) 29 (2500%) = 41 (36.28%)
?f:?;;?gha”te”c 20082%) | 20172%) | 4(3.54%) THA 0(0.00% | 1(086%) | 1(088%)
. Time to 24.0 125 13.0 "
Hypertension admission [h] (50,720 = (40,720) = (40,240) = 0308
No 52 (47.27%) | 43(37.07%) | 48 (42.48%) 0.299 Time to
Yes 58 (52.73%) | 73(62.93%) | 65 (57.52%) operation [days] 40(30,60) | 40(30,60) | 40(30,50) | 0355
Diabetes Operation time 90.0 90.0 90.0 0377
No 93 (8455%) | 92 (79.31%) | 84 (74.34%) 017 [min] (75.0,120.0) = (80.0,120.0) (77.5,112.5) ’
200.0 200.0 200.0
Y 17 (15.45%) | 24 (20.69%) | 29 (25.66% *
“ (1545%) | 24 (2069%) | 29 (25.66%) Blood loss ML) 1500,3000) | (1500,3000) | (1500,3000) | >3
CHD
Infusion [mL] 1600 1600 1600 0.725*
No 52 (47.27%) | 65 (56.03%) | 56 (49.56%) 0.39 (1100, 1700) = (1500, 1600) = (1600, 1600) '
Yes 58 (52.73%) | 51(43.97%) | 57 (50.44%) Transfusion [U] | 2.0(0.0,2.0) | 0.0(0.0,20) | 0.0(0.0,20) | 0034*
Arrhythmia Hospital stay 80 80 7.8 Qs
No 62 (56.36%) | 92(79.31%) | 87 (76.99%) | <0.001 [days] (6.0,10.1) (6.7,10.0) (5.9,94)
Yes 48 (4364%) | 24 (2069%) | 26 (2301%) Follow-up 300 35 351 0.001*
[months] (21.9,37.6) (29.1,44.8) (29,42.4)
Hemorrhagic stroke .
Mortality
107 114 109 % .
No (97.27%) (98.28%) (96.46%) 0.71 Survival 62 (56.36%) | 88 (75.86%) | 90(79.65%) = <0.001
Yes 3(2.73%) 2(1.72%) 4 (3.54%) Death 48 (43.64%) 28 (24.14%) = 23 (20.35%)
|schemic stroke Data are presented as median (Q1, Q3)/n (%)). * For continuous variables,
0 0 0 we used the Kruskal-Wallis rank-sum test, while Fisher's exact probability
MO 63 L7275 79720 7B BEIsT) 0.142 test was used for count variables with a theoretical number <10. TC - total
Yes 47 (42.73%) @ 38(32.76%) | 35(30.97%) cholesterol; CHD - coronary heart disease; COPD - chronic obstructive
Camea pulmonary disease; aCCl - age-adjusted Carlson comorbidity index;
ORIF — open reduction and internal fixation; HA — hemiarthroplasty;
107 113 110 & THA - total hip arthroplasty.
No (97.27%) (97.41%) (97.35%) 0.999
Yes 3(2.73%) 3 (2.59%) 3 (2.65%)
Multiple injuries
101 11 107
No ©182%) | (©560%) = (©460%) =
ves 9(8.18%) | 5(431%) | 6(31%) Vienna, Austria), SAS 9.4 (SAS Institute Inc., Cary, USA)
Dementia and EmpowerStats (X&Y Solutions Inc., Boston, USA).
No 103 110 107 0914 Hazard ratios (HRs) with 95% confidence intervals (95%
(93.64%) (94.83%) (94.69%) Cls) were calculated. A 2-sided p < 0.05 was considered
Yes 7(6.36%) | 6G17%) | 6(531%) statistically significant.
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Results
Patient characteristics

Three hundred and thirty-nine patients were enrolled
in our study. The mean follow-up period was 34.18 months.
There were 99 (29.20%) cases of all-cause mortality.
The patients were divided into 3 groups according to TC
levels: low-TC group, middle-TC group and high-TC group.
Results of normality tests are presented in Supplementary
Table 1; continuous variables were non-normally distrib-
uted according to the results of Shapiro—Wilk test. Table 1
lists the demographic and clinical characteristics of the pa-
tients, including their comorbidities, factors associated
with injuries, and treatment.

Univariate analysis of the association
between variates and mortality

We performed a univariate analysis to identify the po-
tential confounding factors and the relationship between
variables and mortality (Table 2). Owing to p < 0.1, the fol-
lowing variables were considered in the multivariate Cox
regression analysis: age, CHD, arrhythmia, dementia, treat-
ment strategy, and aCCI.

Multivariate analysis between TC
and mortality

We used 3 models (Table 3) to correlate the TC levels
and mortality. When the concentration of TC was vari-
able, a linear regression was observed. The fully adjusted
model showed a 33% decrease in the mortality risk when
the TC concentration increased by 1 mmol/L after con-
trolling for confounding factors (HR = 0.67; 95% CI: 0.53—
0.85; p = 0.001). The concordance index was 0.70 (95% CI:
0.65-0.75), indicating that the Cox regression model was
adequate. When the TC concentration was used as a cat-
egorical variable, there were statistically significant dif-
ferences in TC levels among the 3 models (p < 0.001).
Moreover, the p-value for the trend also showed a linear
correlation in the 3 models (p < 0.001). The restricted
cubic spline regression revealed no significant nonlinear
associations between TC and mortality (Supplementary
Fig. 1), and none of the predictors violated the propor-
tional hazards assumption (Supplementary Table 2).
The Kaplan—Meier survival curves in the 3 groups are
depicted in Fig. 2.

Discussion

We found a linear correlation between TC levels and all-
cause mortality after hip fracture in older adults. A higher
TC was associated with lower mortality (HR = 0.67; 95%
CI: 0.53-0.85; p = 0.0012), suggesting that each 1 mmol/L
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increase in TC was associated with a 33% reduction
in the mortality rate. Compared to the low-TC group,
the middle-TC group had a significantly lower mortal-
ity rate (HR = 0.58; 95% CI: 0.35-0.94; p = 0.027), and
the high-TC group had a significantly lower mortality
rate (HR = 0.45; 95% CI: 0.27-0.75; p = 0.002). More-
over, the results were stable in the trend test (p-value for
trend). In clinical practice, the patient’s TC levels at ad-
mission could be used as a predictor of all-cause mortal-
ity in the mid-clinical course of hip fractures in elderly
patients, and a higher TC level is associated with lower
mortality.

Serum TC has been shown to be a protective factor not
only for vascular-related diseases but also for osteoporotic
fractures. An indirect association between TC and BMD
has been demonstrated, and BMD is considered an im-
portant determinant of osteoporotic fractures.?*>* Total
cholesterol concentration can be identified as an indepen-
dent risk factor for osteoporotic fractures, and its predic-
tive power increases over time.?* Hypercholesterolemia
has been reported to be a risk factor for atherosclerosis
in patients with CHD.?¢ It also increases bone loss in post-
menopausal women.?” Several studies have confirmed that
elevated TC levels leading to hyperlipidemia may also
induce bone loss and osteoporosis by affecting the func-
tion and differentiation of osteoblasts and osteoclasts.?8?°
However, the interrelationship between serum cholesterol
and osteoporosis fractures is still controversial.?® This
study is the first to prospectively examine the relation-
ship between TC levels at admission and hip fracture
prognosis.

Being a lipid-like substance, TC is an important com-
ponent of the cell and organelle membranes, compris-
ing approx. 30% of the cell membrane lipids, maintains
the fluidity of the cell membrane, and facilitates the ex-
change of substances and information inside and out-
side the cell membrane. Simultaneously, TC is involved
in the synthesis of bile acids and steroid hormones, and
plays an important role in the formation and development
of the nervous system. Importantly, the results of several
studies have shown that low TC levels may cause mental
and neurological symptoms such as irritability, cogni-
tive impairment, memory impairment, dementia, 33 and
ultimately an increased risk of death.?* In other words,
the risk of death decreases with elevated TC levels.
The relationship between abnormal serum lipid levels and
cognition, memory and other functions in the elderly may
result from amyloid deposition in the brain and the de-
velopment of cerebrovascular disease.?*-37 In contrast,
high-density lipoprotein is a component of TC. A study
by Yang et al. established a multivariate Cox regression
model to analyze the 90-day postoperative all-cause mor-
tality and reported that high-density lipoprotein (HDL)
was an independent protective factor for postoperative
death in elderly patients with intertrochanteric fractures
(HR = 0.41).38
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Table 2. Effects of factors on mortality measured using univariate analysis (n = 339)

Factor Statistics | HR (95% Cl) | p-value
Cancer
No 330 (97.35%) 1 -
Yes 9 (2.65%) 1.23(0.39,3.87) 0.729
Multiple injuries
No 319 (94.10%) 1 -
Yes 20 (5.90%) 0.69 (0.25,1.88) 0467
Dementia
No 320 (94.40%) 1 -
Yes 19 (5.60%) 2.60(1.39,4.87) 0.003
COPD
No 321 (94.69%) 1 -
Yes 18 (5.31%) 1.00 (041, 2.46) 0.999
Hepatitis
No 333 (98.23%) 1 -
Yes 6 (1.77%) 0.53(0.07,3.79) 0.526
Gastritis
No 332 (97.94%) 1 -
Yes 7 (2.06%) 0.84(0.21,341) 0.806
accl 4.0(4.0,50) 1.38(1.16,1.63) 0.001
limetoadmission | 196407200 | 100(100,100) | 0791

K. Li et al. Total cholesterol and hip fracture mortality

Statistics HR (95% Cl) p-value
TC [mmol/L] 3.8(3.2,45) 0.60 (0.47,0.77) <0.001
Age [years] 80.0 (76.0,85.0) 1.07 (1.04,1.11) <0.001
Sex
Male 112 (33.04%) 1 -
Female 227 (66.96%) 0.74 (049, 1.11) 0.146
Injury mechanism
Falling 330 (97.35%) 1 -
Accident 5(1.47%) 0.60 (0.08,4.32) 0.613
Other 4(1.18%) 3.81(1.20, 12.06) 0.023
Fracture classification
rerrochanteric 239 (70.50%) ] -
;igii' neck 92 (27.14%) 074(046,1.19) | 0212
?rg?g?;hame”‘: 8 (2.36%) 068(0.17,276) | 0587
Hypertension
No 143 (42.18%) 1 =
Yes 196 (57.82%) 0.76 (0.51,1.13) 0.179
Diabetes
No 269 (79.35%) 1 -
Yes 70 (20.65%) 1.18 (0.75, 1.87) 0479
CHD
No 173 (51.03%) 1 =
Yes 166 (48.97%) 1.62 (1.08,2.42) 0.019
Arrhythmia
No 241 (71.09%) 1 -
Yes 98 (28.91%) 1.95 (1.30, 2.90) 0.001
Hemorrhagic stroke
No 330 (97.35%) 1 =
Yes 9 (2.65%) 0.29 (0.04, 2.07) 0216
Ischemic stroke

No 219 (64.60%) 1 -
Yes 120 (35.40%) 1.10 (0.73, 1.66) 0.6349

In addition to the linear relationship, we also speculated
about the possibility of a curvilinear relationship based on
a subgroup analysis and curve fitting. However, no inflec-
tion point on the curve was found in this study. Currently,
in the context of this field, a linear relationship is more
appropriate for explaining the relationship between TC
and mortality.

To identify the confounding factors and draw reliable
conclusions from this study, we first identified factors af-
fecting the prognosis and TC levels. Age, sex, CHD, ar-
rhythmia, dementia, and treatment strategy have been
reported in previous studies as risk factors for hip fracture
prognosis.3*~* Thus, we controlled for the vast majority
of these confounding factors.

(h]

Time to operation

[days] 40(3.0,6.0)

0.97(0.88,1.07) 0.501

Treatment strategy

Conservation 23 (6.78%) 1 -

ORIF 222 (65.49%) 025(0.15,044) = <0001
HA 92 (27.14%) 025(0.13,048) | <0.001
THA 2(0.59%) 000(0.00,000) = 0994
Operation time 90.0(80.0,1200) | 100(1.00,101) | 0748
[min]

Blood loss [mL] 2000(150.0,3000)  1.00(1.00,1.00) = 0245
Infusion [mL] 1600 (1300, 1600) | 1.00(1.00,1.00) | 0368
Transfusion [U] 0.0 (0.0, 2.0) 1.04 (0.88, 1.23) 0.653
stay in hospital 79(6.1,99) 102(096,109) | 0485

[days]

HR - hazard ratio; 95% Cl - 95% confidence interval; TC — total cholesterol;
CHD - coronary heart disease; COPD - chronic obstructive pulmonary
disease; aCCl — age-adjusted Carlson comorbidity index; ORIF — open
reduction and internal fixation; HA — hemiarthroplasty; THA - total hip
arthroplasty.

Limitations of the study

This study has a few limitations. First, because our
study was prospectively designed, a certain amount of loss
to follow-up was unavoidable. To determine the prognosis
of patients, we conducted several telephone follow-ups with
patients or their family members when the patients did not
respond the first time. Second, we were unable to deter-
mine the causal relationship between TC levels and prog-
nosis, which needs to be confirmed in future studies. Third,
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Fig. 2. Kaplan-Meier survival according to the levels of TC

TC - total cholesterol.

Table 3. Univariate and multivariate results following Cox regression (n = 339)

Exposure Non-adjusted model Minimally adjusted model Fully adjusted model
TC 0.60 (0.47,0.77); <0.001 0.65 (0.50, 0.84); 0.001 0.67 (0.53, 0.85); 0.001
TC tertiles
Low ‘ Ref ‘ Ref ‘ Ref
Middle ‘ 045 (0.28,0.73); 0.009 ‘ 0.50(0.31,0.81); 0.005 ‘ 0.58 (0.35,0.94); 0.027
High ‘ 0.39 (0.24, 0.64); 0.002 ‘ 046 (0.27,0.79); 0.004 ‘ 0.45 (0.27, 0.75); 0.002
p-value for trend ‘ <0.001 ‘ 0.003 ‘ 0.002

Data are presented as HR (95% Cl) and p-value. The outcome variable was mortality, while the exposed variable was TC. Data were minimally adjusted
for age and sex. Fully adjusted model was used for age, sex, CHD, arrhythmia, dementia, treatment strategy, and aCCl. HR — hazard ratio; 95% CI — 95%
confidence interval; TC - total cholesterol; CHD — coronary heart disease; aCCl — age-adjusted Carlson comorbidity index.
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our study population was from Western China, which has
geographical and ethnic limitations. The generalizability
of the conclusions of this study should be treated carefully.

Conclusions

In summary, TC levels were associated with all-cause
mortality in patients with geriatric hip fractures and could
be considered a protective factor for all-cause mortality.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8227882. The package contains
the following files:

Supplementary Fig. 1. Multivariable-adjusted HRs (black
solid lines) and 95% Cls (dotted and dashed lines) for risk
of all-cause mortality according to TC levels.

Supplementary Table 1. Results for Shapiro—Wilk test.

Supplementary Table 2. Test of the proportional hazards
assumption for all covariates and mortality used in the Cox
regression model.
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Abstract

Background. Off-pump coronary artery bypass grafting-associated acute kidney injury (OPCAB-AKI) is re-
lated to 30-day perioperative mortality. Existing mathematical models cannot be applied to help clinicians
make early diagnosis and intervention decisions.

Objectives. This study used an interpretable machine learning method to establish and screen an optimized
OPCAB-AKI prediction model.

Materials and methods. Clinical data of 1110 patients who underwent OPCAB in the Department of Cardiac
Surgery of General Hospital of Northern Theater Command (Shenyang, China) from January 2018 to December
2020 were collected retrospectively. Four machine learning models were used, including logistic regression
(LR), decision tree (DT), random forest (RF), and eXtreme Gradient Boosting (XGBoost). The SHapley Additive
exPlanation (SHAP) tool was used for explanatory analysis of the black-box model. The mean absolute value
of the characteristic SHAP parameter was defined and sorted. The correlation between the characteristic
parameters and OPCAB-AKI was determined based on the SHAP value. A quantitative analysis of a single
characteristic and an interaction analysis of multiple characteristics were carried out for the main risk factors.

Results. The RF prediction model had the best performance, with an area under the curve (AUC) of 0.90,
a precision rate of 0.80, an accuracy rate of 0.83, a recall rate of 0.74, and an F1 score of 0.78 for positive
samples. The interpretation analysis of the SHAP model results showed that intraoperative urine volume
contributed to the greatest extent to the RF model, and other parameters included intraoperative sufentanil
dosage, intraoperative dexmedetomidine dosage, cyclic variation coefficient during the induction period,
intraoperative hypotension duration, age, preoperative baseline serum creatinine, body mass index (BMI),
and Acute Physiology, Age and Chronic Health Evaluation (APACHE) Il score.

Conclusions. The model constructed by the RF ensemble learning algorithm predicted OPCAB-AKI, and
indicators such as intraoperative urine volume were closely related to OPCAB-AKI.

Key words: coronary artery bypass grafting, acute kidney injury, machine learning, interpretability research
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Background

Cardiac surgery-associated acute kidney injury (CSA-
AKI) incidence is approx. 22—30%, of which 1% of cases
must be treated with emergency dialysis.! Off-pump coro-
nary bypass grafting (OPCAB) avoids the cardiopulmo-
nary bypass risk factors of non-physiological perfusion
and ischemia-reperfusion injury. However, circulatory
fluctuations caused by surgical procedures can still cause
cardiac and renal insufficiency, while low cardiac out-
put syndrome further increases the risk of OPCAB-AKI.
A previous study demonstrated that transient minor se-
rum creatinine (sCr) elevation after cardiac surgery is as-
sociated with 30-day mortality.? Patients with stage I AKI
have an increased risk of death by 56%, and patients with
stage II or III AKTI have a mortality risk of up to 3.5 times
higher that in the general population. Even after curing
CSA-AKI symptoms, the risk of progression to chronic
kidney disease (CKD) and death remains increased.? Early
intervention could prevent AKI from progressing to a se-
vere stage, which is crucial for reducing perioperative
mortality.

Current mathematical models used to predict CSA-AKI
are regression models based on preoperative data, includ-
ing demographic variables, such as the European System
for Cardiac Operative Risk Evaluation (EuroSCORE II)
published in 2012, the Society of Thoracic Surgeons Score
(STS score)* published in 2008, and the Sino-System for
Coronary Operative Risk Evaluation (SinoSCORE) pub-
lished in 2009 in China.> A common limitation of these
models is that they only include the analysis of a few in-
traoperative risk factors. Since these factors correspond
to multiple surgical types or complications, their single-
risk prediction ability has to be improved. Clinicians must
be able to understand and interpret the correlation be-
tween risk factors based on the accurate prediction of AKI
risk to make correct decisions. However, achieving good
predictability and interpretability is challenging because
the computational process of most models is almost
a “black-box” for researchers. Machine learning combined
with SHapley Additive exPlanation (SHAP) could explain
the output results of the prediction model, thereby solving
this issue.*~

Objectives

This study combined preoperative features with various
intraoperative clinical parameters, such as decisive sur-
gical decisions and hemodynamic fluctuations. The aim
of the study was to establish a risk prediction model in-
cluding intraoperative features set as the primary objec-
tive variables, with OPCAB-AKI set as the sole outcome.
The research hypothesized that the constructed OPCAB-
AKI prediction model based on machine learning exhibits

1. 7eng et al. Interpretable prediction model for OPCAB-AKI

good predictive performance, and the SHAP explanatory
toolkit used to analyze the weight and clinical significance
of single or multiple risk factors may be helpful for an ac-
curate early prediction of OPCAB-AKI and precise clinical
decision-making.

Materials and methods
Data collection

The Ethics Committee of the General Hospital of North-
ern Theater Command (Shenyang, China) approved the ret-
rospective data analysis (approval No. k (2020) 01) and
exempted it from informed consent. The clinical data
of 1110 patients undergoing elective OPCAB in the above
hospital from January 2018 to December 2020 were ret-
rospectively collected on the Do-Care automatic anes-
thesia recording system and electronic medical record
system (EMRS). Figure 1 illustrates the data collection
process. Levels of sCr measured within the 24 h before
surgery defined as the baseline. The single outcome was
AKI within 7 days post-surgery. The diagnostic criteria
were defined according to the Kidney Disease: Improving
Global Outcomes (KDIGO) 2012 guidelines: 1) increased
sCrlevel 226.5 pmol/L (0.3 mg/dL) within 48 h, or 2) sCr
level increased >1.5 times compared to the baseline value
within 7 days, or 3) urine volume <0.5 mL/kg/h*° for 6 con-
secutive hours. The patients were divided into AKI-neg-
ative and AKI-positive groups according to whether AKI
occurred after the operation.

1376 cases who underwent OPCAB
from January 2018 to December 2020

Excluded:

e <18 years old

¢ Non-isolated OPCAB

* Missing data of creatinine value
(pre or post OPCAB)

¢ With chronic kidney disease

* End-stage renal disease

A

A 4

1110 cases were included
in the analysis

A A4
Training set (70%) Test set (30%)

777 cases 333 cases

¢ AKI count (507) ¢ AKI count (135)

¢ No-AKI count (270) ¢ No-AKI count (198)

Fig. 1. Flowchart of data collection

OPCAB - off-pump coronary artery bypass grafting; AKI — acute kidney injury.
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Statistical hypothesis testing and
characteristic parameter selection

According to the EuroSCORE II value and the results
of previous studies on CSA-AKI risk factors,!*~!* 87 char-
acteristic parameters were included and evaluated. Supple-
mentary Table 1 provides a detailed description of the dis-
tribution of all parameters in different groups and datasets.
Variance inflation factor (VIF) and the Box-Tidwell test
verified predictors. Predictors of linear relationships with
logit functions of outcomes and collinearity predictors
were excluded. The remaining predictors were used to es-
tablish a logistic regression model, with 3 methods imple-
mented to select feature predictors in the development
cohort. First, predictors with p < 0.05 in the univariate
analysis were chosen. Second, the least absolute shrinkage
and selection operator (LASSO) regularization algorithm
selected potential predictors with non-zero coefficients.
Third, the random forest recursive feature elimination
(RE-RFE) algorithm combined with backward stepwise
selection produced a compact model. The x? test was used
to analyze categorical variables. The assessment of nu-
merical variables used a Mann—Whitney U rank-sum test
to conduct a univariate analysis of sample characteristics.
The prediction performance of traditional logistic regres-
sion and machine learning models were then compared.

Data preprocessing
Treatment of vital signs in a perioperative time series

Two time windows were selected for the study: 1. An-
esthesia induction duration (t1) from the time when
the patient entered the operation room to establish vi-
tal signs monitoring to 10 min after anesthesia induc-
tion; the assimilated indexes included heart rate (HR)
and mean arterial pressure (MAP); 2. Operation duration
(t2) from skin incision to intravenous infusion of prot-
amine; the collection indexes included HR, MAP and
mean pulmonary artery pressure (mPAP). A polynomial
curve function Y(X, W) = WO+W1X+W2X2+W3X3+..+W
MXM was used to fit the continuous vital signs of patients
(the collection interval was 1 min). In the formula, X was
defined as the timepoint between the 2 time windows
(t1 and t2) from the 1° minute till minute X, while Y speci-
fied the patient’s vital signs (HR/MAP/mPAP) at the cor-
responding time point, and W was a coefficient of time-
point X in the polynomial function. The absolute values
of each coefficient (W) of the function were summed
to obtain 5 characteristic parameters (Supplementary
Fig. 1): the coefficient of variation of HR during anesthe-
sia induction, the coefficient of variation of MAP during
anesthesia induction, the coefficient of variation of HR
during the operation, the coefficient of variation of MAP
during the operation, and the coefficient of variation
of mPAP during the operation.
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Acute hypotensive episodes (AHEs)!*> and hypotension
duration!® were defined and estimated according to the rele-
vant literature: the total duration of MAP < 65 mm Hg from
the moment of entering the operation room for establishing
circulation monitoring to leaving the operating room and
acute hypotension incidence (MAP < 65 mm Hg for >5 min).

Handling missing values

For characteristic parameters with a missing ratio <10%,
missing value interpolation did not effectuate any bias
on the results.!” Deep learning technology was used to fill
in the missing values.!® Ten parameters lacked values, and
3 had >10% of values lacking, which were excluded from
the models (Supplementary Table 2).

Characteristic parameter determination

After handling missing values, VIF and Box-Tidwell test
were used to verify the remaining 84 predictors, resulting
in the removal of 5 predictors of linear relationships or collin-
earity (Supplementary Table 3). The remaining 79 predictors
were used to establish the logistic regression model. One-way
analysis of variance (ANOVA) and Recursive Feature Elimi-
nation and LASSO regression were applied to select feature
predictors in the development cohort. Finally, 39 predictors
were selected to establish machine learning models (Supple-
mentary Fig. 1 and Supplementary Table 4), and 21 statisti-
cally significant clinical characteristics were tested (p < 0.05).

Machine learning model establishment

This study examined a small sample high-dimensional
dataset using 4 common machine learning algorithms si-
multaneously, including logistic regression (LR), classifica-
tion decision tree (DT), RF, and eXtreme Gradient Boost-
ing (XGBoost). The parameters (options activated) for each
analysis are listed in Supplementary Table 5. The sample
size of the dataset conformed to the rule of “10 events
per variable” for characteristic parameters, which meets
the sample size demands of machine learning. The train_
test_split tool in the sklearn module randomly divided
the preprocessed data into training and test sets at a ratio
of 7:3, with 70% of the training sets included in the train-
ing model database. Cross-validation reduced the over-
fitting to some extent and allowed for obtaining critical
information from the limited data. The training set data
were randomly divided into 5 equal parts using the five-
fold cross-validation method, with 4 used for the training
model and 1 for model verification. The cycle was repeated
5 times. The model parameters were adjusted according
to the area under the receiver operating characteristic
(ROC) curve (AUC) to prevent overfitting of the model-
ing process, and the remaining 30% of the test sets were
used for internal verification to evaluate the performance
of the trained models on the new data.
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Model performance evaluation

Accuracy, recall and precision rates evaluated the pre-
diction results. The F1 score was used to balance the model
precision and recall, and to evaluate the performance
of the binary model. The F1 score ranges from 0 to 1, with
larger values indicating better results. The ROC curve and
AUC were also used to evaluate model performance, and
the calibration curve was used to represent the accuracy
of the model prediction probability.

Interpretive analysis

The interpretation analysis of the black-box model with
the best predictive performance was done using the Python
SHAP model interpretation package. Based on common
theory and local interpretation, SHAP is a classic post-hoc
interpretation framework that provides values to estimate
the contribution of each characteristic. A SHAP value de-
scribes the weight or importance of a specific characteristic
in predicting a particular data point by the model, which
is the core of the parameter. Compared to traditional char-
acteristic importance methods, SHAP has better consis-
tency and presents a positive/negative correlation of each
predictor relative to the target variable, which can be used
for local and global interpretation. For local interpretabil-
ity, each characteristic had its own set of Shapley values
that might explain and quantify the contribution of each
characteristic of each sample to the prediction, increas-
ing the transparency and allowing clinicians to analyze
the reliability of the prediction model. The global interpre-
tation could be obtained based on the mean Shapley value
of the corresponding variables in all samples as the signifi-
cance value of the specific characteristic.

Results
Dataset description

After preprocessing the original electronic medical re-
cord data, 1110 samples were divided into AKI-positive
(405 cases) and AKI-negative (705 cases) groups, accord-
ing to whether AKI occurred postoperatively. The pa-
tients in the positive group had a higher mean age and
a prolonged mean duration of intraoperative hypotension
(MAP < 65 mm Hg). The incidence of abnormal preop-
erative sCr, preoperative electrocardiogram ventricular
premature beat, intraoperative sudden atrial fibrillation,
ventricular fibrillation, intraoperative use of intra-aor-
tic balloon counterpulsation-assisted circulation, and
intraoperative acute hypotension (MAP < 65 mm Hg
for >5 min) was higher in the AKI-positive group than
in the AKI-negative group. Dexmedetomidine dosage and
urine volume were lower in the AKI-positive group than
in the AKI-negative group.

1. 7eng et al. Interpretable prediction model for OPCAB-AKI

Model prediction results
and performance comparison

The test set (n = 333) results showed that the AUC
of the RF model for positive samples (0.9, 95% confidence
interval (95% CI): 0.86-0.94) was better than that for
the other model groups (LR-AUC: 0.73, 95% CI: 0.67-0.79;
DT-AUC: 0.75, 95% CI: 0.69-0.81; XGBoost-AUC: 0.86,
95% CI: 0.82-0.90) (Supplementary Table 6). However,
the recall rate (0.74) and F1 score (0.78) performance in-
dicators of the RF group did not differ significantly from
the other integration algorithms (Supplementary Table 6
and Fig. 2A), and the calibration curve indicated that
the prediction probability of the RF model was rather ac-
curate (Fig. 2B). Compared with the traditional statistical
binary logistic regression model (positive prediction ac-
curacy: 0.71; AUC: 0.73, 95% CI: 0.70—0.76), the RF model
and other integration algorithms showed better predictive
ability for OPCAB-AKI (Fig. 3).

Interpretative analysis of the random
forest model

The ranking results of the characteristic parameters
showed that intraoperative urine volume contributed
maximally to the RF model, followed by intraoperative
sufentanil dosage, intraoperative dexmedetomidine dos-
age, the coefficient of variation of circulation during the in-
duction period, the duration of intraoperative hypotension,
age, preoperative baseline sCr, body mass index (BMI),
and Acute Physiology, Age and Chronic Health Evaluation
(APACHE) II scores (Fig. 4A).

Further analysis established a positive correlation be-
tween the coefficient of variation of circulation during
the induction period, the dosage of sufentanil, duration
of intraoperative hypotension, preoperative baseline sCr,
APACHE II score, age, and postoperative AKI occurrence.
As such, the higher the standard values corresponding
to these characteristics, the greater the possibility of AKI
in the model samples. On the other hand, intraoperative
urine volume and intraoperative dexmedetomidine dosage
correlated negatively with OPCAB-AKI incidence (Fig. 4B).

In the SHAP summary of the top 20 characteristics,
the ordinate was characteristic and the abscissa was
the SHAP value, sorted according to the mean absolute
characteristic parameter value. The higher the SHAP
value of the characteristic, the greater the OPCAB-
AKI incidence. Each line represented a characteristic,
a point represented a sample, and the color represented
the characteristic value (red was high and blue was
low). The positive/negative correlation between each
characteristic and OPCAB-AKI was determined based
on the distribution of the actual characteristic value and
the SHAP value.

The SHAP value was used to analyze how the top-
ranked characteristics in the RF black-box model affected
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AUC - area under the curve; RF — random forest; XGBoost — extreme gradient boosting; LR — logistic regression; DT — decision tree.
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Fig. 3. Performance comparison between the random forest (RF) and binary logistic regression models

ROC - receiver operating characteristic; AUC — area under the curve.

the prediction results by comparing and quantifying
the linear correlation between the SHAP values of each
characteristic and the risk outcomes. The results showed
that the OPCAB-AKI risk significantly increased when
3 consecutive characteristics reached specific thresh-
olds: age >55 years, APACHE II score >19 points and
BMI > 28 kg/m? (Fig. 5).

The SHAP dependency analysis revealed the importance
and direction of the influence of the 2 pairs of characteris-
tics on the model output, and their complex nonlinear ef-
fects were obtained and described. The results showed that
the risk of OPCAB-AKI increased significantly with pro-
longed intraoperative hypotension duration and decreased
intraoperative urine volume. Accordingly, the OPCAB-
AKIT risk was low at a short intraoperative hypotension
duration (SHAP < 0) and high intraoperative urine volume
(approx. 700 mL) (Fig. 6A). A high dexmedetomidine dose

was positively associated with increased intraoperative
urine volume, which corresponded to a low risk of OPCAB-
AKI (Fig. 6B).

Discussion

This retrospective cohort study employed a machine
learning method to establish a risk prediction model for
OPCAB-AKI using a small sample (1110 patients) of peri-
operative data collected from a single center over the course
of 3 years. The results showed that the prediction effect
of the integrated machine learning model was better than
that of a traditional LR model, and the RF model showed
the best prediction performance after integrating the in-
traoperative hemodynamic parameters (AUC = 0.9, 95%
CI: 0.86—0.94). This helped the clinicians make an early
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MAP1 - coefficient of variation of mean arterial pressure during the induction period; BMI — body mass index; APACHE — Acute Physiology, Age and Chronic
Health Evaluation; MAP2 — coefficient of variation of mean arterial pressure during the coronary artery bypass period; P2 — coefficient of variation of heart
rate (HR) during the coronary artery bypass period; P1 — coefficient of variation of HR during the induction; T2 — operation time; PCl — percutaneous coronary
intervention; T1 — skin incision-bypass time; mPAP — coefficient of variation of mean pulmonary arterial pressure during the coronary artery bypass period.

prediction and choose an appropriate AKI intervention
before the end of surgery.

Among the screened OPCAB-AKI influencing factors,
the top 5 items (intraoperative urine volume, intraoperative
sufentanil dosage, intraoperative dexmedetomidine dos-
age, the coefficient of variation of MAP during the induc-
tion period, and intraoperative hypotension duration) are
the intraoperative indicators that are not a primary concern
in the classical prediction models, and the remaining items,
such as age, preoperative baseline sCr, BMI, and APACHE
II score, were the known CSA-AKI influencing factors.t’
A single-center cohort study of patients undergoing any sur-
gery showed that 40% of them were assessed as low risk for
AKI by classical models but reassessed as high risk by ma-
chine learning models after incorporating intraoperative
factors.?? Compared to classical models, the results of this
study highlight the impact of acute intraoperative patho-
physiological reactions on renal function and the potential
benefits of close monitoring and timely intervention.?!

Intraoperative urine volume (with a mean SHAP
value weight of 2.87%) was a major influencing factor
in the OPCAB-AKI prediction model established in this

study. Previous studies on CSA-AKI have shown that urine
volume predicts AKI after cardiopulmonary bypass sur-
gery.?? This phenomenon is consistent with the results
of the present study, suggesting that real-time monitoring
and maintenance of adequate intraoperative urine volume
could protect renal function in OPCAB patients.?

Two other intraoperative influencing factors in the model
were the coefficient of variation of circulation during in-
duction and intraoperative hypotension duration. Some
studies have shown that the risk of AKI is independently
associated with intraoperative hypotension,?*?> and he-
modynamic fluctuation is a major risk factor for inducing
postoperative AKI.26-28 Perioperative supportive care for
MAP could reduce the risk of postoperative complications
such as AKL? Off-pump coronary artery bypass graft-
ing has unique hemodynamic characteristics and is prone
to severe hemodynamic fluctuations during specific pe-
riods, such as anesthesia induction, fixation and com-
pression of coronary arteries.?® Since the blood pressure
or HR at a single timepoint could not reflect the signifi-
cance of the patient’s hemodynamic fluctuations over time,
this study used a polynomial higher-order function fitting
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curve to represent continuous intraoperative circulation
indicators. The results suggest that intraoperative hemody-
namic fluctuations represented by the coefficient of varia-
tion of circulation can accurately predict OPCAB-AKI.

The impact of general anesthetics on postoperative AKI
was rarely considered in previous models. In this study,
dexmedetomidine was shown to be a critical influencing
factor (negatively correlated) of OPCAB-AKI. A random-
ized controlled trial by Zhai et al. demonstrated that dex-
medetomidine reduced CSA-AKI incidence and severity
in patients undergoing cardiac surgery.?! Another meta-
analysis concluded that dexmedetomidine infusion could
be used as a preventive strategy for CSA-AKI. However,
they did not specify the optimal dose or duration of intra-
venous dexmedetomidine infusion.*?

The model established in this study suggested that an ex-
cessive intraoperative sufentanil dosage might be a risk
factor for inducing OPCAB-AKI. Based on the concept
of Enhanced Recovery After Surgery (ERAS®), low-opioid
anesthesia regimens have been widely accepted by clini-
cians.3*3* Although there was no evidence that low-opioid
anesthesia reduced the risk of CSA-AKI or OPCAB-AKI,
the results of the present study suggest that reducing intra-
operative opioid dosage exerts a protective effect on the re-
nal function of OPCAB patients.

Several studies have identified a high BMI and ad-
vanced age as major OPCAB-AKI risk factors.* Moreover,
the APACHE II score is prognostic for critically ill patients
immediately after admission to the intensive care unit
(ICU), and was used in this study to replace laboratory in-
dicators, such as hemoglobin, to predict postoperative AKI
risk. After conducting the interpretive analysis of the black-
box model with the use of the classic SHAP tool, the present
study identified 3 continuous characteristics, including age,
APACHE I score and BMI, that affected the critical thresh-
old of the RF model for predicting the risk of OPCAB-AKI.
These factors helped the clinicians to understand the influ-
ence of characteristics on the prediction outcome.

Although novel serum and urine biomarkers can predict
AKI,3¢ there are disadvantages to expensive tests, repeated
tests during diagnosis and increased hospitalization costs.
The main risk factors involved in this research model were
routine items that were easy to collect and did not increase
the medical burden.

The interaction analysis showed mutual influences
among several OPCAB-AKI factors. For example, high in-
traoperative dexmedetomidine dosage and high intraoper-
ative urine volume were associated with a low risk of post-
operative AKI. Although the results cannot determine
causality among factors, they suggested putative changing
trends in specific environments, which were not captured
by most analytical models. Combining this information
with the clinical experience of the doctors aided in making
individualized clinical decisions at an early stage.

The advantage of this study was that five-fold cross-
validation was used to construct a stable performance
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model. Predictive variables used in the study are readily
available in clinical practice, ensuring model applicability.
The model exhibits clinical interpretability and predictive
reliability, which could help doctors understand the inter-
action between variables and targets as well as between
2 variables.

Limitations

The limitations of this study include its retrospective
design, a small sample of subjects from the same tertiary
general hospital, and lack of evaluation of different AKI
stages. As such, the results require further external vali-
dation before they can be generalized, and additional pro-
spective trials are needed to assess their clinical utility.

The major characteristics and inflection points found
in this study could be used as early signs of OPCAB-AKI
risk. However, whether these could act as a reference for
clinical diagnosis in the recommended range needs further
substantiation. If found to be externally valid, clinicians
might incorporate the available web-based application into
clinical practice to aid decision-making and optimize pre-
operative prevention efforts.

Conclusions

The ensemble learning algorithm represented by RF
predicted OPCAB-AKI. Intraoperative urine volume,
circulatory fluctuation during the induction period, in-
traoperative dexmedetomidine dosage, intraoperative hy-
potension duration, preoperative baseline sCr, APACHE
IT score, BMI, and age were the main factors influencing
OPCAB-AKI. An explanatory framework increased model
transparency, allowing clinicians to analyze the reliability
of the predictive models.
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Abstract

Background. Skeletal anchorage has been the subject of study for many years. Recently, orthodontic
mini-implants (MIs) were described as effective tools for anchorage and were named temporary anchorage
devices (TADs). The success of MIs depends on their primary stability, which is defined as the lack of mobility
in the bone after implant insertion, and the relevant factors affecting primary stability.

Objectives. This study aimed to compare the primary stability of used self-drilling (SD) and self-tapping
(ST) Mis with unused ones by performing the insertion torque measurement, Periotest and pull-out test.

Materials and methods. Forty-six used (23 ST, 23 SD) and 46 unused (23 ST, 23 SD) Mis (1.5 mm < 8 mm)
were inserted into a synthetic bone with the use of a digital screwdriver. Maximum insertion torque (MIT)
values were recorded during the placement of Mls, and then Periotest measurements were made. Following
the MIT and Periotest measurements, pull-out tests were performed on all Mis.

Results. The median MIT values (Ncm) of the Mis were as follows: used ST: 17.3, unused ST: 18.9, used SD:
24.1, unused SD: 25.2. The median values obtained after the Periotest were (&): used ST: 0, unused ST: —1,
used SD: —3, unused SD: —3. Median pull-out values (N) were: used ST: 148.12, unused ST: 168.12, used
SD: 17312, unused SD: 203.20. Statistically, MIT and pull-out values of the used ST and SD implants were
significantly lower compared to those of the unused ST and SD implants (p < 0.05).

Conclusions. Used orthodontic Mis showed poor performance compared with unused implants when they
were inserted again in the in vitro conditions.

Key words: in vitro, self-tapping, primer stability, self-drilling, orthodontic mini-implant
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Background

Skeletal anchorage has been the subject of study for many
years.! Recently, orthodontic mini-implants (MIs) were
described as effective tools for anchorage and were intro-
duced as temporary anchorage devices (TADs).2 These
devices have some important advantages, including simple
placement, less traumatic surgery, higher hygiene stan-
dards, and immediate loading.>~¢

The success of orthodontic MIs depends on their pri-
mary stability, which is defined as the lack of mobility
in bone after MI insertion and some relevant factors
that may affect stability.” The MI design, the technique
of implant placement, the insertion angle, and the diam-
eter of the pilot drill are generally related to the primary
stability of orthodontic MIs.81° Currently, 2 types of im-
plants are predominantly used in orthodontic practice:
self-tapping (ST) and self-drilling (SD) orthodontic MIs.!!
Self-tapping MIs require a pre-drilled hole with a diam-
eter similar to the implant width, while self-drilling MIs
have pointed tips and cutting threads that allow placement
without drilling a pilot hole.!> Many studies have compared
the clinical success rate and superiority of these 2 place-
ment techniques.!>-16

The literature also reports on invasive and non-invasive
methods, such as pull-out strength (PS), Periotest and
insertional torque (IT) tests, that have been introduced
to measure the primary stability of orthodontic MIs.21718
TheIT is directly related to the biomechanical performance
of MIs and is defined as the effect of frictional resistance
between implant threads and bone.'”~?! Periotest (Mediz-
intechnik Gulden, Modautal, Germany) is an electronic
device that was originally developed to express the physi-
ologic or pathologic mobility of the periodontal tissues
surrounding the natural tooth.?? The device has been used
to measure the mobility of orthodontic implants. Periotest
generates results that are shown digitally as a numeric
value.?? Low values indicate high stability, while high values
indicate low stability of the implants.?* Pull-out strength
is another common indicator for evaluating the anchorage
control of MIs.2> Some studies have examined PS as the re-
sult of bone—thread integration failure and provided im-
portant information regarding primary stability.?®

The use of artificial bone blocks to evaluate the biome-
chanical performance of MIs has recently become popular
due to ethical reasons.?>?” Specimens taken from cadavers
may have homogeneity problems, although their character-
istics are similar to those of in vivo tissues.?® Some studies
have described the use of synthetic materials that have me-
chanical features similar to the structure of human bone.?*3°

Despite the general use of orthodontic MIs as TADs
and the successful results published in the literature,
some studies have indicated changes in the MI surface
after clinical use.?! The physical performance and steril-
ity of orthodontic implants must also be ensured in cases
of implant reuse. However, no consensus has been reached
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regarding the effects of quality changes on the mechanical
behavior of orthodontic MIs.?> Although they are mostly
discarded after clinical use, economic factors have led
some orthodontists to reuse MlIs, similar to orthodontic
brackets and wires.??-3* Few studies have provided clini-
cians with valuable information regarding the reuse of MIs
while also ensuring maximum cost—benefit ratio and ef-
ficiency for orthodontic practices.? The physical perfor-
mances of MIs after clinical use and the possible correla-
tions among Periotest, IT and PS evaluations are lacking,
although previous research has indicated a relationship
between IT and PS values.®

Objectives

The aim of this study was to compare the primary stabil-
ity of re-used SD and ST orthodontic MIs with as-received
ones using Periotest, I'T and PS tests.

Materials and methods
Study design

A total of 92 ST and SD cylindrical orthodontic MIs
(1.5-mm diameter, 8-mm thread shaft; BioMaterials Korea
Inc., Seoul, South Korea) were used in this study. The MIs
were divided into 2 main groups according to their condi-
tion: as-received (unused, n = 46) or retrieved (used, n = 46).
Then, they were equally subdivided into 2 subgroups ac-
cording to the placement technique: ST (n = 23) or SD
(n = 23). In total, 46 implants were retrieved from patients
after a successful service of between 3.5 and 5.5 months
(average: 4.51 months) in a previous study,® with no signs
of early or late loss. After their removal, each implant was
seated in a sterilizing machine (60 min at 134°C; GetinGe
600; Getinge, Goteborg, Sweden) and then stored in a plas-
tic container for reuse. No defects, cracks or corrosion
could be established visually for the retrieved implants
after the sterilization process. The other 46 MIs were used
as received from the manufacturer.

Insertion of the orthodontic implants

A device was made to hold and secure a digital torque
meter driver (Geratech TSD-50; Kartal Otomasyon, Ko-
caeli, Turkey) during the placement of the orthodontic MIs
(Fig. 1A). This device allowed for the perpendicular inser-
tion of the implants through a sliding mechanism (Fig. 1B).
A total of 92 implantation points were marked on the arti-
ficial bone, with enough distance to allow Periotest mea-
surements and the movement of the metal grip designed
for the PS test. The self-drilling MIs were placed directly,
without a pre-drilling phase. The self-tapping MIs were
inserted after drilling a pilot hole (1.2 mm x 31 mm,
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Fig. 1. A. A custom-made device for securing and stabilizing a digital
torque meter driver; B. The sliding mechanism and overview of the device

BioMaterials Korea Inc.). The MIs were placed in a custom-
made artificial bone block (solid rigid polyurethane foam,
180 mm in length, 13 mm in width and 43 mm in height;
Sawbones Pacific Research Laboratories Inc., Vashon,
USA) consisting of 2 layers that simulated cortical bone
(3-mm thickness with a density of 50 pcf (0.80 g/cc)) and
cancellous bone (40-mm thickness with a density of 30 pcf
(0.48 g/cc)).2*36

Data measurement

All MIs were placed manually by a single operator, and
the maximum insertion torque (MIT) value of each im-
plant was recorded in Ncm using a digital torque meter
driver. The overinsertion and friction of the orthodontic
MlIs were avoided during placement by using a U-shaped
metal stopper with a thickness of 1.2 mm to simulate soft
tissue. After the placement of each MI, Periotest measure-
ments were performed (Fig. 2A). The PS was evaluated
by separating the synthetic bone into 2 equal parts and
fastening it to a testing machine (Instron 1011; Instron
Corp, Canton, USA) (Fig. 2B). A larger base with bilateral
metal clamps was fabricated for the bone blocks to ensure
full integration with the testing machine. Pull-out strength
tests were performed with a loading rate of 1 mm/min
using a grip fabricated for implant seizing that allowed
vertical forces to be in the same direction as the long axis
of the MIs. Maximum PS values for all MIs were recorded
in newtons [N] until failure or rupture occurred. During
all processes, the operator was blinded to all data, and
a separate researcher recorded the values.

Fig. 2. A. Periotest measurement; B. The installed and separated synthetic
bone block fastened to a testing machine for the pull-out test
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Statistical analyses

Statistical analyses were performed using SPSS v. 17.0
software (SPSS Inc., Chicago, USA). Descriptive statistical
methods (standard deviation, mean, median, minimum,
and maximum values) were utilized to analyze the study
data. At the data evaluation stage, the Shapiro—Wilk was
conducted to assess the normality of the data. The Mann—
Whitney U test was performed to determine the statistical
significance of differences between the groups. Possible
correlations between the MIT, Periotest and PS values were
assessed using the Spearman test at the 95% confidence
interval (95% CI) level. The level of significance for all
statistical tests was predetermined at 0.05.

Results

All orthodontic MIs were placed in the bone without
breakage or failure, and all tests were performed success-
fully. The median MIT of the ST implants was 17.3 Ncm
in the retrieved group and 18.9 Ncm in the unused im-
plant group. The median MIT was higher for the new
SD implants (25.2 Ncm) than for the used SD implants
(24.1 Ncm). The Mann—Whitney U test showed statisti-
cally significant differences between the MITs for the ST
and SD MlIs in both the retrieved (z = —5.816, p = 0.001)
and unused implant groups (z = -5.814, p = 0.001).

The median values for the Periotest were (+) as follows:
retrieved ST: 0, unused ST: -1, retrieved SD: -3, and un-
used SD: —3. A comparison of Periotest values for the dif-
ferent placement techniques revealed statistically signifi-
cant differences only for the ST implant groups (p = 0.001).
None of the SD groups showed any relevant differences,
whether retrieved or new (p > 0.05).

The axial PS test was performed successfully in all groups.
During the test, the SD MIs underwent only plastic de-
formation without any rupture, whereas 35 of the 46 ST
orthodontic MIs detached from the head part. The me-
dian PS values for the retrieved ST and SD groups were
148.12 N and 173.12 N, respectively. The values for the un-
used ST and SD groups were 168.12 N and 203.20 N, respec-
tively. All the PS values were higher for the new MIs than
for the retrieved implants, and the differences in PS values
were statistically significant for all implant types in both
groups (p = 0.001). The medians, Q1, Q3, as well as and Z-
and p-values of the MIs for the MIT, PS and Periotest are
listed in Table 1 and Table 2.

Statistically, the MIT and PS showed a positive corre-
lation in all orthodontic implant groups. A comparison
of the PS values for the different insertion techniques re-
vealed a stronger correlation with MIT values in the re-
trieved ST group (r = 0.791, p = 0.001) than in the retrieved
SD group (r = 0.457, p = 0.028). By contrast, the correlation
between the MIT and PS values was stronger in the un-
used SD group (r = 0.615, p = 0.002) than in the unused
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Table 1. The medians, Q1, Q3, Z- and p-values of the unused mini-implants for MIT, PS and Periotest

Self-drilling (n = 23)

Unused implants (n = 46)

Measurement Self-tapping (n = 23)
method median
MIT 18.90 18.10 20.10
Periotest -1.00 -3.00 0.00
PS 168.12 15241 170.98

median

25.20 24.90 2590 0.001* —5.814
-3.00 -4.00 -3.00 0.001* -3.752
203.20 199.190 219670 0.001* —5.789

Mann-Whitney U test, * p = 0.001; Q1 - 25" percentile; Q3 - 75" percentile; MIT — maximum insertion torque; PS — pull-out strength.

Table 2. The medians, Q1, Q3, and Z- and p-values of the used mini-implants for MIT, PS and Periotest

Self-drilling (n = 23)

Used implants (n = 46)

Measurement Self-tapping (n = 23)
method median
MIT 17.30 16.90 19.10
Periotest 0.00 0.00 1.00
PS 148.12 137.49 159.26

median

24.10 23.70 24.90 0.001* —5816
-3.00 -3.00 -2.00 0.001* -5.959
17312 161.25 177.54 0.001* —3.965

Mann-Whitney U test, * p = 0.001; Q1 - 25" percentile; Q3 - 75" percentile; MIT — maximum insertion torque; PS — pull-out strength.

Table 3. Correlations between used self-tapping and self-drilling mini-
implants

Self-tapping Self-drilling
Used implants
r p-value r p-value
MIT-Periotest —0.459 0.028* —0.495 0.016*
MIT-Pull-Out 0.791 0.001** 0457 0.028*
Periotest-Pull-Out —-0.530 0.009* —0.389 0.066

r— Spearman’s correlation; * p < 0.05; ** p = 0.001.

Table 4. Correlations between unused self-tapping and self-drilling mini-
implants

Self-tapping Self-drilling
Unused implants
r p-value r p-value
MIT-Periotest —0.466 0.025* —0.625 0.001*
MIT-Pull-Out 0.548 0.007* 0.615 0.002*
Periotest-Pull-Out —0.559 0.006* —0.383 0.071

r— Spearman’s correlation; * p < 0.05; ** p = 0.001

ST group (r = 0.548, p = 0.007). A negative correlation was
found between the MIT and Periotest values of both the re-
trieved and new implant groups, regardless of the place-
ment technique. The Periotest values were significantly
and negatively correlated with PS for both the retrieved and
new ST implants. However, according to the Spearman’s
rank test, the correlation between Periotest and PS values
was not statistically significant for any of the SD implant
groups (p > 0.05). The correlations between the different
drilling types (ST or SD) and conditions (retrieved or new)
for assessing MI stability are given in Table 3 and Table 4.

Discussion

The use of orthodontic MIs to achieve anchorage is be-
coming more common in orthodontic practice.3¢ Their

properties and differences in use, such as their dimen-
sions, designs and placement protocols, are also becom-
ing more varied to allow clinicians to use them more ef-
ficiently.3” Some studies have focused on the influence
of the dimensions, insertion angles, cortical thickness,
and density of bone on determining the success of MlIs
and decreasing their failure rate.?> Although many stud-
ies have investigated the relationships between the physi-
cal properties of implants or the variations in bone and
the primary stability of implants, only a few studies have
explored the reuse of implants and their success after prior
use.? In the present study, the implant placement protocol
was the same as in a previous study®! that assessed the me-
chanical performance of ST compared to SD implants.
The latter is currently the most common choice, given
that the drilling phase is eliminated during placement.
The MIs were also divided into groups to evaluate their
mechanical performance according to their condition: as-
received (control) or retrieved (experimental). This allowed
for the assessment of each implant in terms of condition
alone while maintaining all other characteristics.

Although the reuse of invasive medical devices, such
as orthodontic MlIs, in different patients can be seen
as an ethical problem, the reuse of MIs in the same pa-
tient may be necessary for economic reasons.3! However,
no studies focusing on the reuse of orthodontic MIs after
their clinical use and how to ensure their primary stabil-
ity while controlling all other conditions have been con-
ducted. In our study, we examined MlIs that had been re-
trieved and sterilized as our experimental treatment, while
the control group received new implants of the same type
and with the same properties as the ones used in a previ-
ous study.® This raises the intriguing question of whether
the condition of the orthodontic MI (retrieved compared
to as-manufactured) or the placement technique is what
ultimately determines the primary stability of the orth-
odontic implants.
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Synthetic materials are more suitable testing materials
than human and animal cadaver materials due to ethical
reasons.?® According to the American Society for Testing
and Materials (ASTM) standards F1839-08, the homoge-
neity and consistent features of rigid polyurethane foam
make it an ideal material for comparative testing of im-
plants replacing specimens taken from human and animal
cadavers.?® Although the use of synthetic bone allowed us
to recreate in vitro conditions and perform some tests,
synthetic material cannot imitate the biological environ-
ment provided by organic models.?® In our study, the use
of ahomogeneous and uniform artificial material overcame
the variability of organic specimens. Our study was not
intended to represent the biological response of bone tissue,
such as osseointegration of dental implants, since the sta-
bility of MIs depends on mechanical locking with the bone.
Some researchers have reported a density of the mandibu-
lar posterior area of 0.64 g/cc.>® Based on these parameters,
MlIs were placed in a custom-made synthetic block with
2 layers that simulated the cortical bone (3-mm thickness,
with a density of 50 pcf (0.80 g/cc)) and the cancellous bone
(40-mm thickness with a density of 30 pcf (0.48 g/cc)).

In various studies, robotic systems equipped with machine
drivers have been used for the placement of orthodontic
MIs at the same angle, tour and speed for standardization.3¢
In our study, the implants were inserted precisely and manu-
ally using a custom-made device that stabilized the digital
torque meter driver to keep it vertical to the bone surface,
as in previous studies.*® The MIT values were lower for
the retrieved and autoclaved MIs than for the unused im-
plants, and statistically significant differences were detected
between the MIT values of all MIs, regardless of the place-
ment technique (p = 0.005, p < 0.05, p = 0.001). These find-
ings indicate that the prior use or sterilization procedures
significantly altered the MIT values of the implants. Sim-
ilarly, the drilling phase before placement of a MI could
decrease the insertion torque, although a technique that
eliminates drilling enhances the stability of the thin MI1.4
However, some studies have reported that the insertion
torque had a weak relationship with implant stability.*?

The comparison of the Periotest values of all implants
using different placement techniques revealed statistically
significant differences for the ST implants only (p = 0.001).
The unused and the retrieved SD implants did not show
any statistically significant differences (p > 0.05). The sta-
tistical variation between the insertion techniques may be
attributed to the intimate bone—implant contact achieved
by the SD implants, which results in more stable values for
the Periotest scores compared to the ST implants. These
findings confirm that the Periotest scores were more sta-
ble for the new MIs than for the retrieved implants. This
can be explained by changes in surface morphology due
to cleaning and/or mechanical damage during prior place-
ment and removal, as these changes could markedly alter
osteoblastic growth and differentiation. Primary implant
stability is known to be influenced by the microscopic and
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macroscopic morphology of the implant.*> However, our
findings are in contrast with the results obtained by Kim
et al.,** who found markedly lower Periotest values for SD
orthodontic MIs. The differences in the Periotest values
and reports might reflect the inconsistency of the Periotest
measurements on implants.*>46

In our study, the PS tests were performed by applying verti-
cal forces oriented parallel to the long axis of the orthodontic
MIs.* The application of pull-out tests in the axial direction
does not provide a realistic reflection of the clinical situa-
tion because it is almost impossible to load MIs in the axial
direction in a patient.*” However, these tests are widely ac-
cepted as a method for comparing different types of implants
in the orthopedic, maxillofacial surgery and orthodontic
fields.*® In our study, the pull-out values were significantly
greater in all the unused implant groups than in the retrieved
implant groups (p = 0.001). Moreover, the pull-out values
for the unused implants, especially for the SD ones, were
all substantially higher than the values for the unused MIs.
The results regarding the PS values confirmed the impor-
tance of the implantation procedure and the implant condi-
tion in establishing primary stability since the results for
the unused SD implants had the highest PS values (203.20 N).

For all implant groups, the Spearman’s rank-order cor-
relation performed for the MIT and PS values confirmed
a strong, positive and statistically significant correlation
between them. However, correlation assessments showed
anegative relationship between the MIT and Periotest val-
ues for both the retrieved and new implant groups, regard-
less of the placement technique. The reason for this negative
correlation is that lower Periotest values indicated higher
implant stability. This finding suggests that the increase
in MIT values and the corresponding decrease in Periotest
values are evidence of increased primary stability.

Limitations

The stability of the orthodontic MIs might be affected
by various biological and mechanical factors, such as bone
density, soft tissue condition, oral hygiene, insertion
method, and surface treatment.? Other factors, including
the chemical composition, surface morphology, chemical
composition of the saliva, biofilm formation, pH of the oral
environment, protein adsorption, physical and chemical
properties of foods, medicines taken by the patient, and
oral hygiene habits, can affect the mechanical behavior
of the MIs.*>*° However, such analysis was not the objec-
tive of this study. Nevertheless, these factors must be con-
sidered and evaluated in future studies. This study tested
unused and used orthodontic MIs employing different
placement techniques to compare primary stability based
on MIT, PS and Periotest values. No other parameters were
analyzed, such as removal torque, lateral displacement,
surface alterations, histological analysis, or resonance fre-
quency analysis. These parameters must also be considered
and evaluated in further studies.
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Conclusions

Used orthodontic MIs showed poor performance com-
pared to unused implants inserted under in vitro conditions.
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Abstract

Background. Iron is a vital element for the growth of bacteria. Bacteria use several strategies to scavenge
iron, such as siderophores, which are thought to be important virulence components. The mammalian host
uses various iron-binding substances to make iron unavailable for bacterial uptake. Deferoxamine (DFO)
is a semi-synthetic iron chelator that has been licensed for medical use. Iron chelators like DFO may provide
an alternative therapeutic technique for treating Gram-negative bacteria infections, which frequently display
multidrug resistance.

Objectives. We assumed thatiron deprivation or interactions with the cell membrane caused by DFO orin-
creased siderophore synthesis may cause the inhibition or inactivation of proteins and enzymes necessary for
(ritical processes in bacteria. Additionally, we proposed that these bacterial alterations might be the origin
of synergistic interactions between DFO and several antibiotics.

Materials and methods. To test this hypothesis, we used disc diffusion, broth microdilution and checker-
board synergy testing methods on combinations of DFO with ceftriaxone, cefepime, meropenem, amikacin,
levofloxacin, and tigecycline, respectively, in a total of 55 isolates (Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Acinetobacter baumannii, and Proteus mirabilis strains — 11 isolates for each genus).

Results. No synergistic or antagonistic interactions were observed between DFQ and the tested antibiotics
inthe £. coli, K. pneumoniae, P. aeruginosa, and A. baumanniiisolates, while the addition of DFO significantly
increased the inhibition zone diameters of cefepime, amikacin, meropenem, tigecycline, and levofloxacin
in P mirabilis isolates. According to the checkerboard synergy results, a synergistic interaction was found
between DFO and tigecycline, cefepime and amikacin for P mirabilis isolates.

Conclusions. Among the investigated bacteria, a synergy between antibiotics and DFO was only discovered
against P mirabilis. We do not believe that this entirely disproves our hypothesis, though. The production
of siderophores triggered by the increased metabolic activity of actively proliferating bacteria at the infection
site may provide better results. Therefore, expanding these investigations and developing infection models
through animal testing would be advantageous.

Key words: deferoxamine, iron, Proteus mirabilis
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Background

Antimicrobial resistance is a major public health concern
and has an impact on many facets of medical practice.! Resis-
tant bacterial strains pose a considerable obstacle to proper
treatment, as few clinically available antibiotics maintain
adequate action.? Gram-negative bacteria are intrinsically
more resistant than Gram-positive bacteria because they
have an outer membrane that acts as a permeation bar-
rier.? Resistance is very common among Gram-negative
organisms such as Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Escherichia coli,
which are hospital-acquired infectious agents.*

Iron, a vital element for growth, is necessary for the activ-
ity of numerous proteins and enzymes participating in vari-
ous physiological pathways such as oxygen transportation,
gene regulation and nitrogen fixation.” In the mammalian
host, the majority of intracellular iron is stored in ferritin
or bound to heme or heme-containing substances, whereas
extracellular iron is bound to transferrin, lactoferrin, he-
mopexin, and haptoglobin, making it unavailable for bac-
terial uptake.® Bacteria use several strategies to scavenge
essential elements such as iron and zinc; therefore, bacteria
are in a constant race with the host for micronutrients.”
Siderophores are low-molecular weight iron binding sub-
stances that are secreted and imported by microorganisms
for iron acquisition.® During infection with bacterial and
fungal pathogens, siderophores are thought to be important
virulence components.” Deferoxamine (DFO) is a semi-
synthetic drug derived from the bacterial siderophore des-
ferrioxamine B, which has been licensed for medical use for
the treatment of iron excess.!? Iron chelators that have al-
ready withstood toxicity and preclinical testing in animals
may provide an alternate therapeutic technique in the case
of multidrug-resistant bacteria, where entire classes of anti-
biotics are no longer treatment options.!! The siderophores
may also serve as a facilitator for antibiotics to cross the cell
membrane because of the increased permeability induced
by iron deprivation.!?

Objectives

We believe that iron deprivation or interactions with
the cell membrane caused by DFO or increased siderophore
synthesis may cause inhibition or inactivation of proteins
and enzymes necessary for critical processes in bacteria,
as well as exhibit synergy with several antibiotics.

Materials and methods
Bacterial isolates

According to the results of the power analysis, a total
of 55 isolates were included in the study. Between May 2021

M. Erinmez, Y. Zer. Deferoxamine and antibiotic susceptibility

and December 2021, 11 strains of each of the following
bacteria: E. coli, K. pneumoniae, P. aeruginosa, A. bau-
mannii, and Proteus mirabilis were isolated from clinical
samples that were randomly selected. While determining
the isolates included in the study, resistance profiles and
hospital ward or clinical sample type criteria were not
used to ensure randomization. To prevent recurrence, only
1 sample from each patient was included in the study. Of
the 55 isolates included in the study, 17 were recovered
from the urine, 11 from blood, 10 from sputum, 8 from
tracheal aspirates, 7 from wound swabs, and 2 from cere-
brospinal fluid. The patients whose samples were included
in the study were distributed by departments as follows:
18 from intensive care units, 12 from internal medicine
clinics, 6 from pediatrics clinics, 4 from infectious diseases,
4 from urology, 2 from cardiology, 2 from neurosurgery, and
7 from other clinics. Of the isolates included in the study,
73% were susceptible to amikacin, 27% to levofloxacin,
62% to meropenem, 33% to cefepime, 40% to ceftriaxone,
and 42% to tigecycline. Escherichia coli ATCC 25922 and
P. aeruginosa ATCC 27853 were used as quality control
strains. The Vitek2 (Biomerieux, Marcy-1'Etoile, France)
system was used for bacterial identification.

Disc diffusion method

Using the disc diffusion method, we aimed to detect
potential synergy between DFO and ceftriaxone, cefepime,
meropenem, levofloxacin, amikacin, and tigecycline. Also,
we aimed to evaluate changes in the resistance of bacteria
to antibacterial drugs at increased iron levels, and inves-
tigate the synergistic effects of iron chelator and whether
itis reversible with the addition of iron to the environment
or not. Escherichia coli, K. pneumoniae, P. aeruginosa,
A. baumannii, and P. mirabilis isolates kept in a skim milk
storage medium at -20°C were thawed at room tempera-
ture and inoculated onto blood agar medium. Bacterial
suspensions at a turbidity standard of 0.5 McFarland
were prepared with the direct colony suspension method
from colonies on agar plates incubated for 24 h. Inocu-
lation was performed by spreading inoculum to the en-
tire surface of the Mueller Hinton—-Agar (MHA; Oxoid,
Boston, USA) plate with a sterile swab. For each isolate,
6 MHA plates were used for different antibiotics (cef-
triaxone, cefepime, meropenem, amikacin, levofloxacin,
and tigecycline; Bioanalyse, Ankara, Turkey), and 4 discs
were placed on these plates. Control antibiotic discs
included a 10 pL antibiotic disc loaded with 10 mg/mL
of DFO (Desferal; Novartis, East Hanover, USA), a 10 pL
antibiotic disc loaded with ferric iron (Venofer; Vifor, St.
Gallen, Switzerland), and a 10 pL antibiotic disc loaded
with DFO+ferric iron. The MHA plates were incubated
at 35 £2 °C for 24 h and inhibition zones were measured.
The European Antimicrobial Susceptibility Testing Com-
mittee (EUCAST) guidelines were followed for the evalu-
ation of zone diameters.'3
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Broth microdilution method

Minimal inhibitory concentration (MIC) values
of the commercially available antibacterial drugs cef-
triaxone, cefepime, meropenem, levofloxacin, amikacin,
and tigecycline and DFO for 55 Gram-negative isolates
included in our study were determined with broth micro-
dilution methods according to EUCAST standards (ISO
20776-1:2019). Stock solutions of ceftriaxone, cefepime,
meropenem, levofloxacin, amikacin, and tigecycline (Car-
bosynth, Campton, UK) were prepared in accordance
with the manufacturer’s instructions. Water was utilized
as a solvent for ceftriaxone, meropenem, levofloxacin,
amikacin, and tigecycline. The solvent for cefepime was
phosphate buffer (pH 6.0, 0.1 mol/L). Twofold concentra-
tions of antibiotics and DFO ranging between 0.06 pg/mL
and 64 pg/mL (from 0.06 pg/mL to 512 pug/mL for DFO)
were added to microplate wells filled with cation-adjusted
Mueller—Hinton broth (CAMHB). Bacterial suspension
at the concentration of 5x10° CFU/mL was inoculated
to the microplate wells. Inoculated microplates were
incubated at 35 +2°C for 24 h. The MIC was defined as
the lowest antimicrobial drug concentration that inhibits
the visible growth of the microorganism in the microdilu-
tion wells.

Checkerboard method

In our study, the checkerboard test, a reference method
used for determining the efficacy of combinations of an-
timicrobial agents, was used to determine the fractional
inhibitory concentration index (FIC;) values of the com-
binations of DFO with ceftriaxone, cefepime, merope-
nem, amikacin, levofloxacin, and tigecycline antibiotics,
and the results of the combinations for 55 Gram-negative
bacterial isolates included in our study. In brief, serial
twofold dilutions of the 1% compound (antibiotic) were
performed across the columns, and serial twofold dilu-
tions of the 2" compound (DFO) were performed across
the rows of a 96-well plate. Individual wells were inocu-
lated with suspensions of overnight cultures in CAMHB
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to provide a final inoculum density of 5x10° CFU/mL.
The plates were incubated for 24 h at 35 +2°C. The FIC;
value takes into account the combination of antibiotics
that produced the largest change from the MIC of each
antibiotic. The following equation was used to quantify
the interactions between the tested antibiotics (FIC;):

A/MIC, + B/MICy = FIC, + FICg = FIC;,

where A and B are the MIC of each antibiotic in combina-
tion (in a single well), and MIC, and MICj are the MIC
of each drug individually. If the FIC; value was <0.5, it was
considered synergy; values of greater than 0.5 but less than
1 were considered additive, values between 1 and 4 were in-
terpreted as indifferent, and values >4 were considered an-
tagonism.'* When a MIC for one of the test compounds was
off-scale (greater than the highest concentration tested),
the MIC was set to the next highest twofold concentration
for calculation of the FIC (e.g., if the MIC was 32 pg/mL,
the FIC was calculated based on a MIC of 64 pg/mL).!>

Statistical analyses

Statistical analysis methods were used to evaluate
the differences in inhibition zone diameters. The Kol-
mogorov—Smirnov test and Shapiro—Wilk test were used
to test the normality of the subgroups, and the Levene’s
test was used to evaluate the homogeneity of variance.
Normality and variance homogeneity tests are presented
in Supplementary Table 1. For statistical analysis, Student’s
t-test and Wilcoxon rank sum test were used for normal
and non-normal distributions, respectively. For descrip-
tive statistics, mean + standard deviation (M +SD) were
used for normal data, while median, 1%t quartile (Q1) and
34 quartile (Q3) values were used for non-normal data.
Statistical analysis was carried out using IBM Statistical
Package for Social Sciences (SPSS) for Windows v. 24.0
(IBM Corp., Armonk, USA), and p < 0.05 was considered
statistically significant. Prior to the study, ethical approval
was obtained from Gaziantep University Clinical Research
Ethics Committee (approval No. 2021/11 issued on Janu-
ary 27, 2021).

Table 1. Changes in the inhibition zones of antibiotics against Proteus mirabilis with and without deferoxamine

Inhibition zone diameters [mm]

Mean increase of inhibition

(I;o:IaLe) Antibiotics zone diameters (95% Cl) p-value
mean/median | SD/Q1, Q3 | mean/median | SD/Q1, Q3 control vs. DFO

ceftriaxone 28 24,29 30 28,33 24(-5.5,103) 0.116% —1.622
meropenem 25 25,26 28 28,29 2.7(20,33) <0.001% —-3914
Brolaus amikacin 21 16,22 29 27,30 48(27,68) <0.001" = 3992
mirabilis levofloxacin 23 22,26 28 27,29 43(13,72) 0.004" | -2813
tigecycline 95 +0.8 266 +2.1 17.1(15.6,18.5) <0.001° 24559

cefepime 18.7 +3.7 285 +18 9.8(7.2,12.3) <0.001" 7.831

DFO - deferoxamine; SD - standard deviation; Q1 - 1°t quartile; Q3 - 3" quartile; 95% Cl — 95% confidence interval; ¥ — Wilcoxon rank sum test; t - t-test.

The p-values in bold are statistically significant.
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Results
Disc diffusion rest results

No synergistic or antagonistic interactions were ob-
served between DFO and the antibiotics ceftriaxone,
cefepime, meropenem, amikacin, tigecycline, and levo-
floxacin in the E. coli, K. pneumoniae, P. aeruginosa, and
A. baumannii isolates. No synergistic or antagonistic in-
teractions were observed between DFO and ceftriaxone
in P. mirabilis isolates, but the zone diameters of cefepime,
amikacin, meropenem, tigecycline, and levofloxacin antibi-
otics increased statistically significantly with the addition
of DFO (Table 1). The changes in the antimicrobial inhibi-
tion zone diameters of the isolates included in the study
with iron supplementation, DFO supplementation and
DFO-+iron supplementation are shown in detail in Supple-
mentary Table 2.

In P. mirabilis isolates, we observed a significant dif-
ference in inhibition zone diameters with the addition
of the iron chelator. It was evaluated whether the syner-
gistic effect observed between cefepime, amikacin, me-
ropenem, tigecycline, and levofloxacin antibiotics and
DFO was reversible by adding iron to the medium or not.
The synergy between DFO and levofloxacin, cefepime,
amikacin, meropenem, and tigecycline was reversed with

the addition of iron to the medium, while the inhibition
zone diameters decreased significantly (Table 2). In ad-
dition, significant changes were observed in the inhibi-
tion zone diameters of cefepime, meropenem, amikacin,
tigecycline, and levofloxacin against P. mirabilis isolates
in iron-rich and iron-depleted environments (Table 3).

Broth microdilution and checkerboard test
results

No bacteriostatic and bactericidal effects were observed
in the ranges of human therapeutic doses of DFO (3 mg/
kg/day) on the strains tested in our study. Antimicrobial
susceptibility results determined using the broth micro-
dilution method and disc diffusion test results were found
to be compatible.

According to the checkerboard tests, while no significant
synergy was detected in E. coli, K. pneumoniae, P. aerugi-
nosa, and A. baumannii isolates, a synergistic interaction
was found between tigecycline and cefepime antibiotics
and DFO for all P. mirabilis isolates. In addition, a syn-
ergy between amikacin and DFO was detected in 72%
of the P. mirabilis isolates included in the study. The results
of the checkerboard synergy tests for P. mirabilis isolates
are given in Table 4. Also, a comparison of the disc diffu-
sion method and checkerboard synergy tests is presented

Table 2. Reversibility assay to determine whether iron supplementation eliminates the deferoxamine impact on inhibition zones in Proteus mirabilis isolates

Inhibition zone diameters [mm]

Mean increase of inhibition

Antibiotic +DFO (n=11) zone diameters (95% Cl) p-value
mean/median | SD/Q1, Q3 | mean/median | SD/Q1, Q3 o, D el

ceftriaxone 30 28,33 28 24,29 —2.0(=85,4.5) 0.243W —-1.230
meropenem 28 28,29 26 26,27 —-1.7(=22,1.1) <0.001" —3.493
[ —_— amikacin 286 +138 24.8 +16 —-38(-53,-2.2) <0.001" 5078
mirabilis levofloxacin 28 27,29 26 24,27 ~20(-43,03) <0.001" | -3607
tigecycline 26.6 +2.1 22.8 +2.1 —3.8(-56,-1.9) 0.001" 4.126
cefepime 29 27,30 26 24,27 —2.7(-4.2,-1.1) 0.003" -2.896

DFO - deferoxamine; SD — standard deviation; Q1
The p-values in bold are statistically significant.

- Tt quartile; Q3 - 3" quartile; 95% Cl —

95% confidence interval; v — Wilcoxon rank sum test; ! - t-test.

Table 3. Evaluation of the activity of several different antibiotics against Proteus mirabilis isolates in iron-rich and iron-depleted environments

Inhibition zone diameters [mm]

Mean increase of inhibition

(Irs10:|a1t% Antibiotic zone o.liameters (95% Cl) p-value
mean/median | SD/Q1, Q3 | mean/median | SD/Q1, Q3 i v, 1

ceftriaxone 26 22,29 30 28,33 —34(-06,74) 0.076" -1.782
meropenem 26 25,26 28 28,29 -23(-28,-1.7) <0.001" -3.894
BrGiEs amikacin 200 425 286 +18 ~86 (=104, —6.7) <0.001° 8898
mirabilis levofloxacin 23 22,26 28 27,29 ~44(~73,-14) 0.004" | 2811
tigecycline 9.5 +0.8 266 +2.1 —17.1 (=184, -15.7) <0.001" 24.559
cefepime 18.7 +33 285 +18 -9.8(-12.0,-7.5) <0.001" 8439

DFO - deferoxamine; SD - standard deviation; Q1 — 1t quartile; Q3 -
The p-values in bold are statistically significant.

3 quartile; 95% Cl -

95% confidence interval; " — Wilcoxon rank sum test; t — t-test.
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Table 4. Broth microdilution and checkerboard synergy test results for Proteus mirabilis isolates

(@] +
) p = - = = + Y

= g gy ST | 5y = = G £ EE| ¢y So | by

sSg g Qi = c T c o 5 3 Sol| =& ve | EXE

£ S 85| 8o | § 55 |85 3 2| So2 | £5| 507

e S &£a S0 | $B8& |2 g | % 3 SU| 55 | 83|55

oz | & =3 | 2 £ ES | 83| g 3|2 g | °

0.53 1.01 0.26 0.53 0.06 0.13

PN >o12 ! indifferent 0125 indifferent 2 synergy ! indifferent ! synergy 05 synergy
1.01 1.01 0.51 0.26 0.06 0.07

PM2 12 0.25 indifferent 0125 indifferent ! indifferent 05 synergy ! synergy 2 synergy
0.51 1.01 0.13 1.01 0.06 0.26

P »o12 0 indifferent 0125 indifferent ! synergy 0125 indifferent ! synergy 025 synergy
1.01 1.01 0.13 112 0.06 0.13

P4 >o12 0.25 indifferent 0125 indifferent 05 synergy 2 indifferent ! synergy 05 synergy
1.01 1.01 0.51 2.06 0.06 0.13

R 12 0.25 indifferent 0.125 indifferent ! indifferent 05 indifferent ! synergy ! synergy
0.98 1.01 0.26 1.03 0.06 0.26

PG >o12 16 indifferent 0125 indifferent ! synergy 05 indifferent ! synergy 4 synergy
1.01 1.01 0.13 0.62 0.06 0.13

PM7 >o12 0.25 indifferent 0125 indifferent 05 synergy 4 indifferent ! synergy 05 synergy
PM8 >512 0.25 . .1‘01 0.125 . 41‘01 0.25 0.26 4 . 9‘62 2 003 0.25 0.26

indifferent indifferent synergy indifferent synergy synergy
1.01 1.01 0.26 1.01 0.06 0.13

PV >o12 025 indifferent 0125 indifferent 0 synergy 0125 indifferent ! synergy 0 synergy
1.01 1.01 0.26 1.01 0.03 0.13

PMITO >o12 0.25 indifferent 0125 indifferent 05 synergy 0125 indifferent 2 synergy 16 synergy
1.01 1.01 0.51 0.53 0.06 0.26

PMITI 12 0.25 indifferent 0.125 indifferent 05 indifferent ! indifferent ! synergy 0.25 synergy

PM — Proteus mirabilis; Int — interpretation; DFO — deferoxamine; FIC; - fractional inhibitory concentration index.

with new strategies.!® Sequestration of iron by chelation
may be a beneficial adjunct for the treatment of infec-
tions, given the relationship between iron excess or di-
etary iron supplementation and infection.!” Excess iron

Table 5. Comparison of synergy testing with disc diffusion and
checkerboard method

Synergy
checkerboard method

Antimicrobial agent

disc diffusion?

: . has been shown to aggravate the condition of the patient

Tigecycline + + . : . . ° ; . o
, in various infections, including tuberculosis, malaria, in-

Cefepime + + . Ly . e .y

vasive bacterial infections, cystitis, keratitis, and wound

Ceftriaxone - - . . R .
infections.!® We also observed that the in vitro bacterial

i i * . . . . . . . .

Amikacin + + activity was higher in an iron-rich environment since
Meropenem - + the inhibition zone diameters were lower when compared
Levofloxacine - + with inhibition zone diameters in an iron-depleted envi-

ronment (Table 3). The overabundance of iron is hazard-
ous to the host not just because of enhanced bacterial
growth, but by inducing increased inflammatory activity
and epithelial cell stress due to lysosomal damage.'” Iron

* synergy was detected in 72% of the isolates; @ synergy was defined
as statistically significant increase in inhibition zone diameters.

in Table 5. Broth microdilution and checkerboard assay re-
sults for E. coli, K. pneumoniae, P. aeruginosa, and A. bau-
mannii were not included in the paper due to negative
results, but are available on request.

Discussion

A thorough understanding of host—bacteria relation-
ships during Gram-negative bacterial infections can
strengthen our dwindling arsenal of traditional antibiotics

is known to catalyze Fenton reactions, which generate
highly reactive hydroxyl radicals that can compromise
lysosomal membrane integrity, leading to the release
of hydrolases and redox-active iron into the cytosol, and
subsequent injury or cell death.?’ Similarly, lysosomal
dysfunction induced by iron overload causes chronic liver
injury through hepatocellular apoptosis, hepatic inflam-
mation and liver fibrosis in mice fed with an iron-rich
diet.?! The DFOQ, as an iron chelator, functions in aid-
ing the host’s intrinsic iron-withholding systems, and
appears to be a promising treatment option for local
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infections.!? Iron chelation with DFO improved host cell
survival, reduced bacterial proliferation in urothelial cells
and reduced autophagy.!” We have hypothesized that iron
limitation conditions may result in increased production
of siderophores, specific molecules for transporting iron.
Siderophore secretion has the physical outcome of al-
lowing molecules to diffuse away from producers, pos-
sibly preventing benefits from being returned to producer
cells. Diffusion can still result in significant siderophore
loss, putting bacterial fitness at risk.?? Conformational
changes in the outer membrane of the bacteria during
both increased secretion and uptake of siderophores may
be responsible for vulnerabilities against antimicrobial
activity. Moreover, under low iron concentrations, several
physiological changes may occur in the bacterial patho-
gens, including a shift to a planktonic state.?>2* Bacteria
in the planktonic state are known to be more susceptible
to certain antimicrobials, suggesting a potential mecha-
nism of iron chelation-induced sensitization to antimi-
crobials.! Because of the increased permeability induced
by iron deprivation, siderophores may potentially serve
as a facilitator for antibiotics across the cell membrane.
Similarly, deprivation of iron reduces the activity of key
proteins and enzymes such as cytochromes, which are
examples of iron-dependent proteins that are crucial for
energy metabolism, and ribonucleotide reductase, which
isinvolved in DNA synthesis. If any of these get disrupted,
the multiplication of the microorganism may be halted.!?
Our reversibility assay to determine if iron supplementa-
tion decreases the synergistic interaction between DFO
and antibiotics revealed that iron supplementation sig-
nificantly altered DFO’s synergistic interaction with all
antibiotics tested (Table 2). Therefore, a longer period
may be required for permanent changes at a cellular level.

Previous reports revealed that P. mirabilis lacks detect-
able siderophore production.?>?® The absence of effec-
tive siderophores may explain the differences in P. mi-
rabilis isolates in our study. Consistent with our study,
in the study conducted by Marcelis et al., Proteus were
the most susceptible bacteria to ethylenediamine-di-or-
tho-hydroxyphenylacetic acid (EDDA), a synthetic iron
chelator, among Enterobacterales.?® Based on these find-
ings, we could hypothesize that bacteria incapable of pro-
ducing effective siderophores will be potential targets for
iron restriction and iron chelation therapy. Traditionally,
siderophore production, or efficient siderophore produc-
tion, has been considered to be characteristic of aerobic
Gram-negative bacteria.?” Anammox bacteria, which
oxidize ammonium with nitrite as the terminal electron
acceptor in the absence of oxygen, are anaerobic Gram-
negative microorganisms within the phylum of plancto-
mycetes and do not possess genes required for siderophore
synthesis.?®2° Some researchers explain the poor efficacy
of siderophore-conjugated antibacterial agents against
Gram-positive bacteria with a lack of effective sidero-
phore synthesis.?® Certain Gram-positive bacteria, such

M. Erinmez, Y. Zer. Deferoxamine and antibiotic susceptibility

as Staphylococcus lugdunensis and Streptococcus pyogenes,
have been demonstrated to lack endogenous siderophore
synthesis.332 However, it is known that some Gram-pos-
itive bacteria can produce siderophores, such as staphylo-
ferrins, bacillibactin and corynebactin.?® Therefore, a spe-
cies-level examination would be more useful than a general
approach in determining iron chelation therapy targets.
Furthermore, genetic modifications affect bacteria’s ability
to produce siderophores as well as their ability to thrive
under iron-restricted conditions.?* Therefore, it may be
beneficial to identify genetic modifications at the species
level in bacteria for which iron chelation therapy will be
preferred in the near future.

Limitations of the study

For the strains included in the study, pulse-field gel
electrophoresis may be accompanied by clone analy-
sis, but our resources were limited. The disc diffusion
method was unreliable because we lacked the knowl-
edge of whether the disk was saturated with the desired
amount of the tested compound. Furthermore, one
of the limitations of our study is the inability to compare
various bacterial species that lack the ability to produce
siderophores.

Conclusions

No synergy was found between antibiotics and DFO
against tested microorganisms other than P. mirabilis.
However, we think that this does not completely rule
out our hypothesis. Increased metabolic activities of ac-
tively growing bacteria at the site of infection may induce
the synthesis of siderophores. We think that it would be
beneficial to expand these studies and create infection
models with animal experiments.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8132064. The package contains
the following files:

Supplementary Table 1. Tests of normality and variance
homogeneity test for disc diffusion results.

Supplementary Table 2. Comparison of the changes
in the inhibition zones of the antibiotics with iron supple-
mentation and iron restriction.
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Abstract

Background. Human umbilical cord mesenchymal stem cell (hucMSC)-derived exosomes have been
reported to be effective in the treatment of cancer. The miR-214-3p is a suppressor miRNA that has been
extensively studied and has been proposed as a diagnostic and prognostic biomarker in some cancers.

Objectives. The aim of this study was to investigate whether the requlatory mechanism of hucMSC-derived
exosomal miR-214-3p with GLUTT and ACLY affects the proliferation and apoptosis of gallbladder cancer
(GBQ) cells.

Materials and methods. We found that the target genes of miR-214-3p on the TargetScan website contain
GLUT1 and ACLY, and the targeting relationship was verified using luciferases. The GBC-SD cells overexpressing
GLUTT and ACLY were constructed to determine proliferation, apoptosis, migration, and other cellular activities.

Results. We identified hucMSCs and exosomes, and found that the exosomes contained miR-214-3p.
Furthermore, TargetScan predicted that miR-214-3p had base interactions with ACLY. Dual luciferase assays
showed that miR-214-3p could inhibit ACLY (p < 0.05). The results of quantitative reverse transcription
polymerase chain reaction (RT-qPCR) and western blot showed that exosomal miR-214-3p could inhibit
the expression of ACLY and GLUTT (p < 0.05). Exosomal miR-214-3p can inhibit the proliferation, cloning
and migration of GBCGSD cells (p < 0.05). The apoptosis of GBGSD cells was increased (p < 0.05). The GBGSD
cells overexpressing ACLY and GLUTT could reverse the efficacy of miR-214-3p.

Conclusions. Exosomal miR-214-3p can inhibit the downstream expression of ACLY and GLUT1. The ACLY
and GLUTT could affect the proliferation and apoptosis of GBCG-SD cells.

Key words: GLUTT, exosomes, miR-214-3p, ACLY
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Background

Gallbladder cancer (GBC) is an uncommon human ma-
lignancy that has a particular geographical distribution
in Central and South America, Central and Eastern Eu-
rope, Japan, and Northern India.'? It is on the rise glob-
ally and its prognosis is very poor. Since GBCs are usu-
ally asymptomatic, early diagnosis may not be possible.?
Clinical evidence indicates that many GBC patients are
diagnosed as inoperable, a state at which the tumor has
already become invasive and metastatic.* The overall prog-
nosis of GBC is extraordinarily poor and the mean survival
ranges from 13.2 to 19 months.> Although some prognos-
tic biomarkers in adenosquamous carcinoma (ASC) have
shown some promise, the clinical use of these proposed
biomarkers has not yet been approved.®’ Currently, there
are no reliable or acceptable molecular markers associated
with simple cholecystectomy (SC) or ASC progression and
prognosis.

During oncogenesis, the metabolism of a tumor cell
is reprogrammed to support rapid proliferation of tumor
cells.® Previous studies have reported that many metabolic
genes play a significant role in the progression of cancer,
and can be used as putative biomarkers for prognosis and
targets for therapeutic agents. The basic metabolic pro-
cesses of tumor cells are glycolysis and lipogenesis. It was
discovered that most fatty acids in cancer come from li-
pogenesis.’ Glycolysis is a biochemical process. In cancer
cells, adenosine triphosphate (ATP) is the main energy
source.!? Moreover, the fatty acids synthesized in the pro-
cess of adipogenesis are used as the main fuel for the rapid
proliferation of cancer cells to produce cell membranes.!!
At present, at least 5 genes in the glycolysis and lipogenesis
pathways are directly involved in tumorigenesis and tu-
mor progression. The GLUT1 promotes increased glucose
transport in tumor cells and maintains a high glycolysis
rate in aerobic conditions. However, ACLY can convert
citrate into acetyl-CoA for fat generation as a cell solute
enzyme.’ Therefore, GLUT1 and ACLY are known as key
enzymes in the rate-limiting first step of the metabolic
pathway. In various tumors, such as breast cancer,!>13
colorectal cancer,'*1* gastric cancer,'®!” hepatocellular
cancer,'®'” and prostate cancer,?°~?2 GLUT1 and ACLY are
upregulated. In this regard, we further explored whether
GLUT1 and ACLY play a role in the life activities of chol-
angiocarcinoma cells.

The human umbilical cord mesenchymal stem cell
(hucMSC)-derived exosomes (hucMSC-exo) exert anti-in-
flammatory effects on human trophoblastic cells by trans-
ferring miRNAs.? The miR-214 was reported to be a mem-
ber of a vertebrate-specific miRNA precursor involved
in regulating glucose metabolism in the liver.?* It also has
an important role in skeletal diseases.?” The miR-214--3p
is a suppressor miRNA that has been extensively studied
and has been proposed as a diagnostic and prognostic bio-
marker in some cancers.?®

L. Liu et al. GLUT1 and ACLY in gallbladder SC/ASC

Objectives

Therefore, the aim of the study was to investigate whether
the regulatory mechanism of miR-214-3p with GLUT1 and
ACLY affects the proliferation and apoptosis of GBC cells.

Materials and methods
Cell transfection

Human gallbladder carcinoma GBC-SD cells (BNCC100091)
were purchased from Beina Biological Co., Ltd. (Beijing,
China). The required si-RNA-negative control (NC), si-
GLUTT1 and si-ACLY were removed, and ice thawing was
performed. Two of the 8 sterile centrifuges were taken,
and 95 pL of serum-free 1640 medium was added to each
tube. Then, 5 uL of i-RNA-NC and 5 pL of Lipofectamine
2000 were added to the centrifuges, respectively. Another
si-RNA was added to the corresponding centrifuge tube
in the same way. The mixture was gently mixed and left
to stand for 5 min at room temperature. Then, the 2 tubes
were gently mixed and left to stand for 20 min at room tem-
perature. Finally, the mixture was evenly added to the wells
to be transfected and mixed. All plasmids were purchased
from HonorGene Company (Changsha, China).

Separation of exosomes

The hucMSCs were obtained from the umbilical cord tis-
sue of newborns. Five cell surface markers (CD105, CD90,
CD34, CD14, and CD166) were evaluated to identify huc-
MSCs. The hucMSCs were counted to ensure that each
cell suspension had more than 1 x 10° cells. The cells were
incubated with human anti-CD105 (P-phycoerythrin (PE)),
anti-CD90 (PE), anti-CD34 (PE), anti-CD14 (fluorescein
isothiocyanate (FITC)), and anti-CD166 (FITC) (all from
eBioscience, San Diego, USA), respectively, for 30 min
at room temperature. Then, the cells were washed and
suspended for flow cytometry analysis. Half the volume
of an exosome separation solution was added to the super-
natant, blown, mixed, and placed in the refrigerator at 4°C
overnight. After 12 h, the supernatant was centrifuged for
1 h at 4°C. The supernatant solution was discarded, and
the precipitate was retained. The precipitate was blown
with phosphate-buffered saline (PBS) and fully mixed
to form an exosome suspension. The concentration of exo-
somes was detected with bicinchoninic acid (BCA) protein
concentration and stored at —80°C as reserve. The effective
storage time of exosomes was 1 month.

Identification of exosomes
The exosomes were identified with transmission elec-

tron microscopy (TEM) (TecnaiTM G2 Spirit BIOTWIN;
Thermo Fisher Scientific, Waltham, USA). A volume
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of 20 pL of exosomes was dropped onto the copper mesh
and left for 3 min. The cells were dried with an incan-
descent lamp, and pictures were taken under the TEM.
The particle size analysis was performed using a nanopar-
ticle tracking analysis (NS300; Malvern Panalytical, Mal-
vern, UK). Western blot was utilized to identify the surface
markers of exosomes. The protein content of the exosome
suspension was measured with the use of a BCA kit (23227;
Thermo Fisher Scientific), the sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gel was
prepared, protein denaturation and electrophoresis were
performed, and the membrane was transferred to detect
the exosome-specific marker protein HSP70 (ab5439,
1:1000), CD63 (ab134045, 1:2000), CD81 (ab79559, 1:1000),
and calnexin (ab22595, 1 pg/mL; Abcam, Cambridge, UK).

Alizarin red S assay

Oligodendrocyte Medium (OM) was used to culture
2 x 10* cells for 7 days. Then, the cells were stained with
alizarin red and quantitatively analyzed. A nitrotetrazo-
lium Blue chloride (NBT)/5-Bromo-4-chloro-3-indolyl
phosphate (BCIP) staining kit (72091; MilliporeSigma,
St. Louis, USA) was used for alizarin red staining after
cell fixation. The alizarin red Active Colorimetric Quan-
titative Detection Kit was purchased from Nanjing Ji-
ancheng Reagent Company (Nanjing, China). Depending
on the instructions, the cells were collected, separated
at 1000 rpm for 10 min, and observed with Triton-X100
or X400. The optical density (OD) of cells was measured
at 520 nm. The experiment was repeated 3 times.

Oil Red O staining

Modified Oil Red O staining solution was used to stain
2 x 10* cells for 10-15 min in airtight conditions, protected
from light. Mayer’s hematoxylin staining solution was
added to remove the stain, and the nuclei were restained
for 5 min. The slices were blotted with filter paper and
sealed with glycerol gelatin or gum arabic.

RT-gPCR

Total RNA was extracted from brain tissues using Trizol
(15596026; Thermo Fisher Scientific).

About 500 pL of GBC-SD cells were collected into
a new 1.5-mL centrifuge tube, and Trizol was supple-
mented to 1 mL after mixing, followed by chamber lysis
for 3 min. Next, 200 pL of trichloromethane were added
into the centrifuge tube, the tube was shaken vigorously
for 15 s and then stood at room temperature for 3 min.
The concentration was determined with a ultraviolet (UV)
spectrophotometer, the absorbance (OD) value was mea-
sured at 260 nm and 280 nm, and the concentration and
purity were calculated. Vortex oscillation mixing and tem-
porary centrifugation were used for the wall of the solution
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Table 1. Primer sequences

Gene | Sequence (5'-3')
iR214-3p F: CTGGCTGGACAGAGTTGTCAT
R: GCTGTACAGGTGAGCGGATG
F: CTATGGGGAGAGCATCCTGC
erum R: CCCAGTTTCGAGAAGCCCAT
F: CCTCAGCCATCCAGAATCGG
Acr R: CTTCAGCCAGGACTTGACCC
) F: ACCCTGAAGTACCCCATCGAG
fractin R: AGCACAGCCTGGATAGCAAC
F: CTCGCTTCGGCAGCACA
v R: AACGCTTCACGAATTTGCGT

to be collected at the bottom of the tube. The solution was
incubated for 50 min at 50°C and 5 min at 85°C. Reaction
conditions were as follows: 40 cycles of pre-denaturation
at 95°C for 10 min, denaturation at 94°C for 15 s and an-
nealing at 60°C for 30 s. After the reaction, the tubes were
briefly centrifuged and cooled on ice. The internal refer-
ence primer was B-actin. The primer sequences are pre-
sented in Table 1. With 2 pg cDNA as template, the 2-24¢t
relative quantitative method was used. The relative tran-
scription level of the target gene was calculated as follows
(Equation 1,2):

AACt = A experimental group — A control group (1)
ACt = Ct (target gene) — Ct (B-actin) (2)

Western blot

The GBC-SD cells were extracted using the Total Pro-
tein Extraction Solution RIPA kit (R0010; Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China). For pri-
mary antibodies, we used rabbit anti-p-mTOR (1:5000,
ab109268), mouse anti-mTOR (1:10000, 66888-1-1g),
mouse t anti-p-AKT (1:5000, 66444-1-Ig), rabbit anti-
AKT (1:1000, 10176-2-AP), rabbit anti-p-PI3K (0.5 ug/m,
ab278545), mouse anti-PI3K (1:800, 67071-1-AP), mouse
anti-Bax (1:10000, 60267-1-AP), mouse anti-Bcl-2 (1:1000,
60178-1-AP), rabbit anti-caspase 3 (1:5000, #9661, CSTO0),
and mouse anti-p-actin (1:5000, 66009-1-Ig). All anti-
bodies were purchased from Proteintech Genomics (San
Diego, USA). The membrane was immersed in Superecl
Plus (k-12045-d50, Advansta, USA) for the development
of luminescence. The B-actin was used as an internal refer-
ence. Image J software (NIH, USA) was utilized to analyze
gray values.

CCK-8

Cells in each group were counted and inoculated into
96-well plates at a density of 5 x 10 cells/well, 100 pL
per well. Each group was equipped with 3 multiple holes.
After culture and adherence, the treatment was carried
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out in accordance with the above method. After the cor-
responding time, 10 pL of Cell Counting Kit-8 (CCK-8)
(NU679; Dojindo Laboratories, Kumamoto, Japan) was
added to each well, and the CCK-8 solution was prepared
with a complete medium. Then, the drug-containing me-
dium was removed and 100 uL of CCK-8 medium was added
to each well. The OD value at 450 nm was analyzed using
the BioTek microplate analyzer (DSZ2000X; Cnmicro, Bei-
jing, China) after further incubation at 37°C for 4 h at 5%
CO,, and the mean value was drawn as a histogram.

Wound healing assay

A flask of cells was taken and trypsinized, and after
counting, approx. 5 x 10° cells were added to each well.
After the cells were covered with the plate, the pipette
tip was used to draw a horizontal line perpendicular
to the previously drawn horizontal line. Cells were washed
3 times with sterile PBS, streaked cells were removed, and
serum-free 1640 medium (R8758; Sigma-Aldrich, St. Louis,
USA) was added. The scratches were photographed at 0 h,
and 3 fields of view were taken at each timepoint. After
culturing at 37°C and 5% CO, for 24 h and 48 h, pictures
were taken again for recording.

Double luciferase activity

The target gene analysis of ACLY with miR-214-3p was
performed using TargetScan website (https://www.tar-
getscan.org/vert_80) to verify whether there is a targeting
relationship between ACLY and miR-214-3p using the lu-
ciferase reporter gene assays. The target gene ACLY dual
luciferase reporter gene vector and mutants with muta-
tions of the binding site of miR-214-3p (pGL3-ACLY Wt
and pGL3-ACLY Mut) were constructed, respectively. Two
reporter plasmids were co-transfected with the overex-
pression of miR-214-3p into cells, and 24 h after transfec-
tion, the cells were lysed according to the TransDetect®
Double-Luciferase Reporter Assay Kit procedure (FR201-
01; full-form gold; Antipedia, Beijing, China), and the su-
pernatant was collected. After that, 100 uL of luciferase
reporter gene activity (Renilla luciferase) was added to Re-
action Reagent II and the ratio of firefly luciferase to sea
kidney luciferase (FL/RL) was used to determine relative
luciferase activity. Each experiment was repeated 3 times.

Cell colony formation

Cells from each group of the p-index growth phase were
taken, digested with 0.25% trypsin, blown into individual
cells, and suspended in a complete medium with 10% calf
serum. The cells were incubated at 37°C in 5% CO, and
saturated humidity for 2—3 weeks, with appropriate fluid
changes. The culture medium was discarded, and the PBS
solution (SH30256.01; HyClone, Logan, USA) was carefully
washed twice. The 6-well plate was removed and soaked
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with 1 mL of 10% acetic acid to decolorize. The absor-
bance was measured at 450 nm using a microplate reader
(MB-530; Huisong Pharmaceuticals, Hangzhou, China).

Flow cytometry analysis

The cells were collected using digestion with ethylene-
diaminetetraacetic acid (EDTA)-free trypsin. They were
washed twice with PBS and centrifuged at 2000 rpm for
5 min each time to collect approx. 3.2 x 10° cells. Next,
500 pL of binding buffer was added to suspend the cells.
After adding 5 pL of Annexin V-APC, 5 pL of propidium
iodide (MBC0409; Meilunbio, Wuhan, China) was added,
mixed at room temperature and protected from light.
The reaction was performed for 10 min within 1 h and
detected with flow cytometry.

The fixed sample was taken out, centrifuged at 800 rpm
for 5 min, and the supernatant was discarded. Then, 1 mL
of pre-cooled PBS was added to resuspend the cells, cen-
trifuged at 800 rpm for 5 min, and the cells were col-
lected by centrifugation. Next, 150 puL of propidium iodide
working solution was added and stained at 4°C for 30 min
in the dark. The percentage of each cell cycle on the fluo-
rescence histogram was analyzed.

Transwell assay

The cells treated above were digested with trypsin
to form single cells, resuspended in serum-free medium
to 2 x 10° cells/mL, and 100 uL of cells were added to each
well. The upper chamber was taken out and placed in a new
well containing PBS. The pore size was 8 um. The samples
were stained with 0.1% crystal violet (G1062; Beijing Solar-
bio Science & Technology Co., Ltd.) for 5 min, washed with
water 5 times, placed on a glass slide, and photographed un-
der a microscope (model DSZ2000X; Cnmicro). The cells
on the outer surface of the upper chamber were observed
under an inverted microscope (model DSZ2000X; Cnmi-
cro), and 3 fields of view were taken for each. The chamber
was taken out and soaked in 500 pL of 10% acetic acid to de-
colorize, and the OD value was measured with a microplate
reader (DSZ2000X; Cnmicro) at 550 nm.

Statistical analyses

All measurement data were expressed as mean * stan-
dard deviation (M +SD). The data were analyzed using
GraphPad Prism v. 8.0 software (GraphPad Software, San
Diego, USA). The Shapiro—Wilk test and F-test were used
to compare variances and to evaluate whether the data
conformed to a normal distribution and homogeneity
of variance assumption. The unpaired Student’s t-test
was used to compare the data between 2 groups that did
not have one-to-one correspondence. The Shapiro—Wilk
test and the Brown—Forsythe test were used to analyze
whether the data conformed to a normal distribution and
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homogeneity of variance assumption. One-way analysis
of variance (ANOVA) and Tukey’s post hoc test were used
to compare data among 3 groups. The measurement data
obeyed the normal distribution and homogeneity of vari-
ance. The degrees of freedom and p-values for normal
distribution were used to present the results of the analy-
sis. The difference was statistically significant at p < 0.05.

Results
Identification of hucMSCs and exosomes

First, we performed cultures on the purchased hucMSCs.
The cells showed shuttle-shaped, swirling growth (Fig. 1A).
Flow cytometry was used to detect the cell surface anti-
gens CD14 (0.80%), CD34 (0.54%), CD90 (98.76%), CD105

(96.01%), and CD166 (97.03%) (Fig. 1B). The hucMSCs
showed osteogenic capacity (Fig. 1C) and lipogenic capac-
ity (Fig. 1D). Transmission electron microscopy was used
to observe the secretion of exosomes by huc-MSCs (Tec-
naiTM G2 Spirit BIOTWIN; Thermo Fisher Scientific).
Exosomes were collected and were positive for exosome
markers CD63, CD81 and HSP70, and negative for calnexin
and elevated miR-214-3p expression (Fig. 1IE—-G). All raw
data are presented in Supplementary Table 1. In short,
hucMSCs can secrete exosomal miR-214-3p.

Exosomal miR-214-3p can affect
the proliferation of GBC-SD

The above results indicated the presence of miR-214-3p
in hucMSC exosomes. To investigate the effect of exosomal
miR-214-3p on the development of cholangiocarcinoma,

hucMSCs

hucMSCs-exo
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Fig. 1. Human umbilical cord mesenchymal stem cells (hucMSCs) can secrete exosomes. A. Fibrous appearance of hucMSCs; B. The ratio of markers
indicates that the cells are hucMSCs; C. Alizarin red staining was used to observe the osteogenic ability of induced hucMSCs; D. Oil Red O staining was
utilized to observe the ability to induce lipogenesis in hucMSCs; E. Transmission electron microscopy (TEM) recording of exosome images; F. Western
blotting was used to detect hucMSCderived exosomes (hucMSCs-exo) — CD63, HSP70, CD81, and calnexin; G. Quantitative reverse transcription polymerase
chain reaction (RT-gPCR) was utilized to detect miR-214-3p expression in the hucMSC group and hucMSCs-exo group. The unpaired t-test was used

to analyze comparisons between the 2 groups (n = 3)

*p < 0.05 compared to hucMSCs.
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Fig. 2. Exosomal miR-214-3p can inhibit the proliferation of GBGSD cells. A. Cell Counting Kit-8 (CCK-8) assays of GBCGSD cell proliferation at 24 h, 48 h and 72 h; B. Colony
formation of GBCG-SD cell clonal cell numbers; C. Transwell detection of GBGSD cell invasion number; D,E. Western blot detection of proliferation-related pathway proteins
(MTOR, p-mTOR, PI3K, p-PI3K, AKT, and p-AKT); F. Flow cytometry was used to detect the apoptosis rate of GBGSD cells; G,H. Flow cytometry was utilized to detect

the cycle of GBGSD cells; I. The level of proteins (Bax, Bcl-2 and caspase 3). The comparisons among multiple groups were analyzed using one-way analysis of variance
(ANOVA), followed by Tukey's post hoc test (n = 3)

*p < 0.05 compared to controls; #p < 0.05 compared to human umbilical cord mesenchymal stem cells (hucMSCs); OD - optical density; NC - negative control;
GBC - gallbladder cancer; hucMSCs-exo — hucMSCs-derived exosomes.
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the GBC-SD cell line was selected for subsequent experi-
ments. The addition of exosomes in GBC-SD resulted
in a decrease in cell proliferation (Fig. 2A), clonogenic ability
(Fig. 2B), invasive ability (Fig. 2C), and an increase in the per-
centage of apoptosis (Fig. 2F) and GO/G1 phase (Fig. 2G,H).
In contrast, after miR-214-3p silencing in GBC-SD, the pro-
liferative, clonogenic and invasive capacities of the cells
significantly increased after the addition of the exosomes
in GBC-SD, while the percentage of apoptosis and S-phase
decreased. The levels of p-mTOR, p-PI3K, p-AKT (Fig. 2D,E),
and Bcl-2 decreased, and the expression of Bax and caspase
3 increased under exosome intervention. Silencing of miR-
214-3p increased the levels of p-mTOR, p-PI3K, p-AKT, and
Bcl-2, and inhibited the expression of Bax and caspase 3
(Fig. 2I). The data displayed in Fig. 2 are also presented
in Supplementary Table 2. In short, miR-214-3p in exosomes
was able to inhibit the proliferation of GBC-SD cells.

Exosomal miR-214-3p can regulate
ACLY/GLUT1 to affect GBC-SD cells

The above experiments demonstrated that miR-214-3p
can affect the proliferation and apoptosis of GBC-SD
cells in exosomes. To investigate whether miR-214-3p can
regulate the progression of GBC through ACLY/GLUT1,
we constructed cell models overexpressing ACLY and
GLUT1. The miR-214-3p expression levels were not af-
fected by the overexpression of ACLY and GLUT1. Exo-
somal miR-214-3p inhibited ACLY and GLUT1 expression
(Fig. 3A,B). The miR-214-3p was shown to have base inter-
actions on the TargetScan website (https://www.targetscan.
org/; Fig. 3C). Dual luciferase activity assays showed that
miR-214-3p can target and inhibit the expression of ACLY
(Fig. 3D). The data showed that exosome-competent miR-
214-3p inhibited the proliferation of GBC-SD cells (Fig. 3E)
and promoted their apoptosis (Fig. 3E), while the overex-
pression of ACLY and GLUT1 cells reversed this effect.
The source data and analysis results of Fig. 3 are presented
in Supplementary Table 3. In short, ACLY and GLUT1 can
affect the proliferation and apoptosis of GBC-SD cells.

Inhibition of GLUT1 and ACLY can affect
the proliferation of GBC-SD cells

The above results showed that GLUT1 and ACLY were
associated with the prognosis of GBC patients. We planned
to investigate whether GLUT1 and ACLY could affect
the function of GBC-SD in vitro. Firstly, we constructed
GBC-SD cells with the silencing of GLUT1 and ACLY.
The data presented in Fig. 4A showed that the expression
of GLUT1 and ACLY was inhibited in GBC-SD cells after
silencing, indicating that the cell model was successfully
constructed. Compared with the control and si-NC groups,
the proliferative and clonogenic abilities of GBC-SD cells
were reduced in the si-GLUT1 and si-ACLY groups, and
the proliferative and clonogenic abilities of GBC-SD cells

505

were more significantly reduced in the si-GLUT1+si-ACLY
group (Fig. 4B—D). Then, we examined the expression of pro-
liferation-related genes, and the expression of p-mTOR,
p-PI3K and p-AKT was significantly reduced in GBC-SD
cells silenced with GLUT1 and ACLY (Fig. 4E). The results
of the data analysis displayed in Fig. 4 are presented in Sup-
plementary Table 4. In short, silencing of GLUT1 and ACLY
inhibited the proliferative capacity of GBC-SD cells.

Inhibition of GLUT1 and ACLY can affect
GBGC-SD cell migration

The above results suggested that GLUT1 and ACLY can
affect the proliferation of GBC-SD cells, thus whether silenc-
ing GLUT1 and ACLY can inhibit the proliferation of GBC-
SD cells required further study. Transwell assays were used
to detect the migration and invasion ability of GBC-SD cells.
The experimental results demonstrated that the migration
and invasion ability of GBC-SD cells were reduced in the si-
GLUT1 and si-ACLY groups compared to the control and
si-NC groups, and the reduction of migration and inva-
sion ability of GBC-SD cells was more significant in the si-
GLUT1+si-ACLY group (Fig. 5A,B). The scratch assays were
performed to measure the migration distance, and the mi-
gration distance of GBC-SD cells silenced with GLUT1
and ACLY was significantly lower (Fig. 5C). The results
displayed in Fig. 5 are presented in Supplementary Table 5.
In conclusion, silencing of GLUT1 and ACLY inhibited
the migratory ability of GBC-SD cells.

Inhibition of GLUT1 and ACLY can affect
the apoptosis of GBC-SD cells

The above results suggested that GLUT1 and ACLY can
affect the proliferation and migration of GBC-SD cells;
thus, whether the silencing of GLUT1 and ACLY can pro-
mote apoptosis of GBC-SD cells required further investi-
gation. Flow cytometry was used to detect the apoptosis
rate of GBC-SD cells. Compared to the control and si-NC
groups, the apoptosis rate of GBC-SD cells was elevated
in the si-GLUT1 and si-ACLY groups, and the increase
in the GBC-SD cell apoptosis rate was more significant
in the si-GLUT1+si-ACLY group (Fig. 6A). The results
of the data in Fig. 6B showed that the sum of S and G2/M
phases of GBC-SD cells in the si-GLUT1 and si-ACLY
groups were decreased compared to the control and si-
NC groups, and the sum of S and G2/M phases of GBC-
SD cells in the si-GLUT1+si-ACLY group was decreased
more significantly. Western blot was utilized to analyze
the expression of apoptosis-related proteins. The expres-
sion of Bax and caspase 3 was significantly increased, while
the expression of Bcl-2 was significantly decreased in GBC-
SD cells silenced with GLUT1 and ACLY (Fig. 6C). The re-
sults displayed in Fig. 6 are presented in Supplementary
Table 6. Allin all, silencing of GLUT1 and ACLY promoted
apoptosis in GBC-SD cells.
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Fig. 3. Exosomal miR-214-3p can affect ACLY/GLUT1 to inhibit the proliferation of GBGSD cells. A. Quantitative reverse transcription polymerase chain
reaction (RT-gPCR) was used to detect the expression of miR-214-3p, GLUT1 and ACLY in the 2 groups, and Western blot was used to detect GLUT1 and
ACLY; B. StarBase website predicted a targeting relationship between miR-214-3p and ACLY; C. Dual luciferase detection of miR-214-3p targeted inhibition
of ACLY expression; D. Cell Counting Kit-8 (CCK-8) was used to detect the proliferation of GBGSD cells at 24 h, 48 h and 72 h; E. Flow cytometry was used
to analyze the apoptosis rate of GBG-SD cells. The unpaired t-test was used to analyze comparisons between 2 groups, and the comparisons among
multiple groups were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's post-hoc test (n = 3)

*p < 0.05 compared to controls; #p < 0.05 compared to human umbilical cord mesenchymal stem cells (hucMSCs); &p < 0.05 compared to NC; OD - optical
density; NC - negative control; GBC — gallbladder cancer; hucMSCs-exo — hucMSCs-derived exosomes.
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Fig. 4. GLUT1 and ACLY could inhibit the proliferation of GBGSD cells. A. Quantitative reverse transcription polymerase chain reaction (RT-gPCR) was
performed to detect the level of GLUTT and ACLY; B. Cell Counting Kit-8 (CCK-8) was used to examine GBGSD cell proliferation at 24 h, 48 h and 72 h;

C,D. Clone formation was used to analyze the number of GBGSD cloned cells; E. Western blot was utilized to detect the expression of proliferation-related
pathway proteins (mTOR, p-mTOR, PI3K, p-PI3K, AKT, and p-AKT). Data were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's post

hoc test (n = 3)

*p < 0.05 compared to controls or si-NG; #p < 0.05 compared to si-GLUT1 or si-ACLY; OD - optical density; NC — negative control; GBC — gallbladder cancer;

hucMSCs-exo — hucMSCs-derived exosomes.

Discussion

The understanding of clinicopathological characteristics
of SC/ASC derives from studying the cases and analyzing
small groups of patients. Therefore, more comprehensive
studies are necessary to accurately understand SC/ASC tu-
mors and adenocarcinoma differences. In malignant tumors
of the gallbladder, the squamous differentiation incidence
is at 1-12%.° In this study, we observed that ACLY with
GLUT1 reversed the inhibition of GBC-SD cell proliferation
and migration by exosomal miR-214-3p.

Exosomes are subsets of naturally occurring particles
inside the cells, with notable functions during physiologi-
cal and pathological conditions.?” Recent data revealed that
exosomes facilitate paracrine cell-to-cell communication
via the transfer of different biomolecules.?® Evidence points
to the fact that these nanoparticles can deliver numerous
biotherapeutic agents to the target cells by using different
fusion mechanisms and ligand—receptor interactions.?” Exo-
somes can act as biological shuttles and can even treat neuro-
logical damage.*° The SFB-miR-214-3p exosomes suppressed
apoptosis and inflammation in chondrocytes.3! The overex-
pression of miR-214-3p repressed proliferation and cancer

cell stemness in vitro and in vivo in squamous cell lung can-
cer via targeting YAP13? and fibroblast growth factor/MAPK
signaling.®® Han et al. suggested that miR-214-3p modulated
breast cancer cell proliferation and apoptosis by targeting
Survivin.?* The miR-214-3p also interacted with TWIST1
to suppress the epithelial-to-mesenchymal transition of en-
dometrial cancer cells.?> In our study, exosomal miR-214-3p
inhibited the proliferation and migration of GBC-SD cells
and promoted their apoptosis. Exosomal miR-214-3p can re-
duce the activity of GBC-SD cells. This may have significant
efficacy in treating the progressive development of GBC.
The ACLY is an enzyme that has recently been proven
to be the key to the metabolism of cancer cells.®3¢
The ACLY is the main source of acetyl-Coenzyme A,
an important precursor for fatty acid, cholesterol, and
isoprenoid biosynthesis, and it is also involved in protein
acetylation.?” The activation of ACLY signaling is linked
to many cancers, such as prostate cancer, lung adenocar-
cinoma, leukemia, glioblastoma, ovarian cancer, and liver
cancer.?! A positive expression of GLUT1 significantly pre-
dicts a poor prognosis in lung cancer patients. The GLUT1
may serve as a helpful biomarker and a potential target for
the treatment strategies of lung cancer.?® The blocking
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Fig. 5. GLUT1 and ACLY can inhibit the migration of GBGSD cells. A,B. Transwell assay was used to test GBGSD cell migration and invasion ability;
C. The scratch assay was utilized to detect the migration distance of GBGSD cells. The comparisons among multiple groups were analyzed using one-way

analysis of variance (ANOVA) (n = 3)

*p < 0.05 compared to controls or si-NC; #p < 0.05 compared to si-GLUT1 or si-ACLY; OD - optical density; NC — negative control; GBC — gallbladder cancer;

hucMSCs-exo — hucMSCs-derived exosomes.

of ACLY by siRNA can inhibit the Akt pathway, resulting
in tumorigenicity loss in vitro. It is believed that blocking
the ACLY pathway may have the potential to treat can-
cers. The results of this study showed that the knockdown
of ACLY and GLUTT1 inhibited the proliferation of GBC-
SD cells and promoted apoptosis.

Limitations

It is thought that specific blocking of the GLUT1 and
ACLY pathways may have the potential to treat human
cancers. We will explore the effects of GLUT1 and ACLY
on animal and human GBC in the future.

Conclusions

In conclusion, we found that exosomal miR-214-3p can
target and inhibit ACLY. The miR-214-3p can inhibit
the proliferation of GBC-SD cells. The overexpression
of GLUT1 and ACLY promoted the proliferation of GBC-
SD cells. In vitro experiments revealed that miR-214-3p
can interfere with the activity of GBC-SD cells by inhibit-
ing ACLY, which provided a basic theory for the treatment
of GBC.
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Fig. 6. GLUT1 and ACLY can promote the apoptosis of GBGSD cells. A. GBGSD cell apoptosis rate was promoted in the presence of GLUT1 and ACLY
silencing; B. Flow cytometry was used to detect the GBGSD cell cycle; C. Western blot was performed to detect the expression of apoptosis-related
pathway proteins Bcl-2, Bax and caspase 3. Data were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's post-hoc test (n = 3)

*p < 0.05 compared to controls or si-NG; #p < 0.05 compared to si-GLUT1 or si-ACLY; NC - negative control; GBC — gallbladder cancer;

hucMSCs-exo — hucMSCs-derived exosomes.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.8161958. The package contains
the following files:

Supplementary Table 1. The expression of miR-214-3p.

Supplementary Table 2. The proliferation and apoptosis
of GBC-SD cells.

Supplementary Table 3. miR-214-3p can regulate ACLY/
GLUTT1 to affect GBC-SD cells.

Supplementary Table 4. Inhibition of GLUT1 and ACLY
could affect the proliferation of GBC-SD cells.

Supplementary Table 5. GLUT1 and ACLY could inhibit
the migratory ability of GBC-SD cells.

Supplementary Table 6. GLUT1 and ACLY could affect
the apoptosis of GBC-SD cells.
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Abstract

Background. Prostate cancer (PC) prevention is effectively achieved through its inhibition. Oridonin (ORD),
an active diterpenoid isolated from Rabdosia rubescens, has been shown to have an inhibitory effect on PC
cells, although its impact on PCis unknown.

Objectives. The present work investigated the actions and probable mechanisms of ORD on cellular pro-
liferation, apoptosis, PC, and the wingless-type MMTV integration site family member 2 (Wnt)/B-catenin
signaling pathway using the androgen-independent PG-3 cell line.

Materials and methods. In this study, cell viability was analyzed with MTT assay method, apoptotic
morphology determined using DAPI dye method, while protein (CD1333, 0CT-4, Nanog, SOX-2 & Aldh1AT)
and mRNA expressions were analyzed with western blotting and real time polymerase chain reaction (PCR).

Results. We demonstrated a concentration-dependent ORD inhibition of PG-3 cell proliferation and inhibition
ofinduction apoptosis. Furthermore, ORD decreased PG-3 Wnt-2, phosphorylated glycogen synthase kinase-3
(p-GSK3), and B-catenin protein levels and downrequlated cyclin-D7 and c-myc messenger ribonucleic acid
(MRNA).

Conclusions. Oridonin inhibited proliferation and induced apoptosis in PG-3 cells, with the findings sug-
gesting that it acted via the Wnt/B-catenin pathway to exert its effects. This study demonstrates that ORD
may impact PC.

Key words: apoptosis, oridonin, prostate cancer, Wnt/B-catenin signaling, PG:3 cells
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Background

The world’s most prevalent malignancy, prostate cancer
(PC), accounts for 30% of all malignant tumors in men.!
Prostate cancer contributes to 10% of all mortality and
ranks as the 2"! major risk of cancer-associated deaths
in western countries,? with the USA reporting 191,930
new cases and 33,330 deaths in 2020.% Prostate cancer
mortality results from bone and lymph node metastasis
and mortality rate of cancer progression through andro-
gen-dependent to androgen-independent prostatic growth
reversion.* The PC androgen-dependent phase can be ef-
fectively treated with androgen withdrawal therapy, result-
ing in prostate gland involution due to cellular proliferation
subdual and apoptosis activation.> Although hormonal
excision typically works as a first-line treatment against
localized tumors, degeneration occurs in most patients
after some years, and once the PC becomes androgen-
independent, a highly metastatic tumor resistant to irra-
diation and chemotherapy develops.-® Unfortunately, most
patients eventually progress to the androgen-independent
stage, for which there is no efficient life-extending man-
agement strategy.”®

Androgen-independent cancer progression, and its mo-
lecular mechanisms, are poorly understood. Therefore,
research is required to better understand androgen-in-
dependent pathophysiology and identify beneficial treat-
ment strategies for PC. Hence, a drug capable of control-
ling the signaling pathways involved in tumor progression
without impacting hormone receptor expression could
significantly improve metastatic PC therapy.

Oridonin (ORD) is an ent-kaurane diterpenoid seques-
tered from the aromatic plant Rabdosia rubescens, exten-
sively used in traditional Chinese medicine.’ In vitro trials
revealed that ORD stimulates apoptosis in various tumor
cells such as acute leukemia, gliomas, non-small cell lung
cancer, melanoma, and prostate cancer, with these studies
showing that ORD promotes cell death, enhances phago-
cytosis, and prevents cell cycle progression.t®!! Previous
research has also demonstrated ORD apoptotic and anti-
proliferative properties in several malignant cells, such
as colorectal, mammary and liver cancer.!>"** Furthermore,
several in vitro and in vivo studies have reported ORD
growth inhibition of many human malignancies, including
oral cancer,'>!¢ gallbladder carcinoma,'” glioblastoma,®
pancreatic tumors," cervical cancer,?® and esophageal can-
cer.?! In addition, recent research showed ORD supplemen-
tation to restrict growth and trigger apoptosis in PC cells
(PCCs).22-24 However, the precise role of ORD anti-tumor
activity remains unknown.

Several human cancer-derived cell lines with tumor cell
characteristics have been recognized for genetic, chemore-
sistance and therapeutic drug studies.? The latest method
in cancer treatment is cancer cell (CC) targeting since
breast cancer cells MCF7 participate in growth, metas-
tasis, drug resistance, and cancer recurrence.?® The PCC
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markers, such as CD133, aldehyde dehydrogenase 1 family
member Al (ALDH1A1), Nanog, octamer-binding tran-
scription factor 4 (Oct-4), and SRY-box transcription fac-
tor 2 (Sox2), are well-established and used to recognize
the cells and assess their actions.?” Thus, CC targeting
is likely the optimal tumor prevention and management
strategy.

Recently, researchers have identified the wingless-type
MMTYV integration site family member 2 (Wnt)/p-catenin
signaling pathway as vital in controlling PCC activi-
ties.?8?? Triggering of Wnt/[-catenin signaling is governed
at the B-catenin level and regulated by glycogen synthase
kinase-3 beta (GSK3p), which mediates 3-catenin phos-
phorylation to trigger f-catenin deprivation. Inactivation
of B-catenin through GSK3p phosphorylation leads to its
degradation, accumulation in the cytosol, and nuclear
translocation to promote downstream gene targets such
as ¢yclin-D1 and c-myc to act as transcription factors that
control CC activity.3

Among PCCs, the androgen-independent PC-3 cell
line has higher metastatic potential than others.?! Hence,
the current study aimed to investigate ORD anti-prolifera-
tive action on PC-3 cells and explore its potential to induce
apoptotic signaling pathways.

Objectives

The current research aimed to demonstrate, for the first
time, ORD-driven suppression of CC markers and PC. Fur-
thermore, we aimed to establish ORD attenuation of PCCs
through the Wnt/B-catenin pathway.

Materials and methods
Chemicals

Oridonin, Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), antibiotics (CD133, ALDH1A1,
OCT-4, Nanog, Sox2, Wnt-2, B-catenin, GSK3p, c-myc,
cyclin-D1, and GAPDH), phosphate-buffered saline (PBS),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 4,6-diamidino-2-phenylindole (DAPI),
dimethyl sulfoxide (DMSO), and sodium dodecyl sulfate
(SDS) were obtained from Gibco (Thermo Fisher Scientific,
Waltham USA). The antibodies for western blot analysis were
acquired from Beyotime Biotechnology (Shanghai, China).

Cell culture

The human PC-3 cell line was procured from the Chinese
Academy of Medical Sciences (Beijing, China). The cells
were grown and preserved in DMEM containing FBS
(10%), penicillin (100 U/mL), and streptomycin (100 U/mL)
at 37°C with 5% CO, and less than 95% humidified air.
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Cell cytotoxicity assay

An MTT assay determined the influence of ORD
on PC-3 cellular proliferation.?? PC-3 cells were seeded
onto 96-well plates at a density of 3000 cells/well, incu-
bated overnight in DMEM media, and then treated with
different ORD dosages (10-60 uM) for 1 day at 37°C.
An aliquot of MTT (10 pL) was added to each well and
incubated at 37°C for 4 h to allow the conversion of MTT
into insoluble formazan crystals through mitochondrial
dehydrogenase. The subsequent formazan crystals were
dissolved by adding 150 pL DMSO to the culture medium.
Each experiment was repeated thrice, with cells grown
in a culture medium containing DMSO used as a control.
Optical density (OD) was determined at 490 nm using
a microplate reader (PerkinElmer EnVision; PerkinElmer,
Waltham, USA)) to assess proliferation, which was cal-
culated as a percentage of untreated PC-3 cell prolif-
eration (100%). Half maximal inhibitory concentration
(IC50) (drug concentration that caused a 50% reduction
in the MTT assay) was also calculated.

Apoptosis exploration using
DAPI staining

Human PC-3 cells treated with ORD (20 uM/mL, 30 uM/mL
or 40 uM/mL) in 96-well plates were fixed with parafor-
maldehyde (4%) at 37°C for 10 min, and then stained using
DAPI for 10 min to analyze the cellular changes associated
with apoptosis.® Finally, all slides were fixed on a glass
slide and observed using fluorescence microscope (Nikon
Eclipse TS100; Nikon Corp., Tokyo, Japan).

Western blot study

Human PC-3 cells were treated with ORD (20 uM/mL,
30 uM/mL or 40 pM/mL) and incubated for 24 h. Cell
lysates were prepared using an ice-cold lysis buffer con-
taining protease inhibitors and then used for western
blot analysis. Protein content measurement utilized
a Protein BCA Assay Kit (Pierce Chemical, Rockford,
USA). The western blot experiment involved electro-
phoretically dispersing the proteins and relocating
them to a polyvinylidene difluoride (PVDF) film that
was blocked overnight at 4°C using a probe before
being treated with diluted (1:1000) primary antibod-
ies, including anti-CD133, anti-Oct-4, anti-ALDHAL,
anti-Sox2, anti-Nanog, anti-Wnt-2, anti-f-catenin,
anti-phosphorylated(p)-GSK3p(ser9), anti-c-myc, anti-
cyclin-D1 and anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), and incubated overnight at 4°C.
Appropriate secondary antibodies (1:5000) were then
added to the films, with GAPDH used as an internal con-
trol. Proteins were visualized using a LI-COR Odyssey
imaging system (LI-COR Biosciences, Lincoln, USA).
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Determination of messenger ribonucleic
acid levels using quantitative real-time
polymerase chain reaction

Total ribonucleic acid (RNA) was extracted from human
cells PC-3 using TRIzol® reagent (Abcam, Cambridge, USA),
according to the manufacturer’s instructions. The isolated
RNA was converted to complementary deoxyribonucleic
acid (cDNA) through reverse transcription using a high-
capacity cDNA Reverse Transcription kit (Beyotime Bio-
technology), following the manufacturer’s protocol. Then,
the Fast Start SYBR Green Master Mix (Abcam) was em-
ployed to explore the cDNAs, according to the manufac-
turer’s protocol. The band intensity was scrutinized using
1.5% agarose gel electrophoresis. Finally, the band intensity
was measured using Image]J 1.48 software (National Insti-
tutes of Health, Bethesda, USA). A comparative threshold
cycle (Ct) method was used to calculate the fold changes
in the expression of each gene using the formula 2-24Ct,
The quantitative real-time polymerase chain reaction
(qPCR) primer sequences are presented in Table 1.

Table 1. Primer sequences used in the study

Primer | Sequence
S forward: 5-GGAGGACGTGTACGATGATGT-3'
reverse: 5'-GCTTGTCATAACAGGATTGTGAA-3'
forward: 5-ATCAAAGAAGCTGCCGGGAA-3'
ALDHIAT
reverse: 5-GCATTGTCCAAGTCGGCATC-3'
OCT4 forward: 5-GATGGGAGCCACTGGTTCAC-3'
reverse: 5'-GGTCCAGATCCTCCAGGGTAT-3'
forward: 5-CTCCAACAT CCTGAACCT-3'
Nanog
reverse: 5-GTCACAC CATTGCTATTCTT-3'
- forward: 5-~AAAATCCCATCACCCACAGCAA-3’
OX.
reverse: 5-AAAATAGTCCCCCAAAAAGAAGTCC-3’
-~ forward: 5-CTTCTTTTGCGTC GCCAGCCGA-3'
reverse: 5-ACCAGGCGCCCAATACGACCAA-3'

Statistical analyses

All experiments were independently conducted in trip-
licate (n = 3) and repeated 3 times, with data expressed
as mean * standard deviation (M +SD). Statistical analysis
employed GraphPad Prism v. 8.0.1 (GraphPad Software,
San Diego, USA) and IBM Statistical Package for Social
Sciences (SPSS) v. 25 (IBM Corp., Armonk, USA) software.
The Shapiro—Wilk test assessed the normality of data dis-
tribution and demonstrated a non-normal distribution,
perhaps due to the small sample size. As such, the subse-
quent analysis used the nonparametric Kruskal-Wallis
test followed by Dunn’s post hoc comparison of intergroup
variables (control: n = 6; 20 uM/mL: n = 6; 30 uM/mL:
n = 6; and 40 uM/mL: n = 6). Differences were considered
statistically significant when p < 0.05.
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Results

Table 2 and Table 3 show the results of comparing vari-
ables among groups.

Table 2. Oridonin (ORD) cytotoxic action on PG3 cells

Variables | MTT | p-value
Control (n=6) 100.00 (91.00, 109.00)
10 UM ORD (n=6) 80.73 (73.43,87.95
20uMORD (n=6 69.23 (62.97,75.43
30uMORD (n=6 5137 (46.73,55.97 p < 0.001

38.08 (34.63,41.49
2591 (23.57,28.23
17.04 (15.50, 18.56

50 UM ORD (n=6

(
(
(
(
(
60 UM ORD (n =6 (

)

) )

) )

40 uM ORD (n = 6) )
) )

) )

Data were presented as median (minimum and maximum). The p-value
was obtained using Kruskal-Wallis test.

Cytotoxic effects of ORD
on human PC-3 cells

The cytotoxicity of a range of ORD concentrations
(10 uM/mL, 20 pM/mL, 30 uM/mL, 40 pM/mL, 50 uM/mL,
and 6 OuM/mL) on human PC-3 cells was determined

150 - PC-3 cells

:§1oo-. )
-*
e .
= 50- -
-
X -
-
0 1 | L} | || | 1

Control 10 20 30 40 50 60

Oridonin concentration (uM/mL)

Fig. 1. Oridonin inhibits human PCG3 cell proliferation. Human PC3 cells
were treated with various oridonin (ORD) dosages (10-60 uM/mL) for

24 h, with cell viability then assessed using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. The data are presented

as mean =+ standard deviation (M +SD) for triplicate tests. The significance
is denoted by *p < 0.05 compared to the untreated control

Table 3. Oridonin (ORD) action on mRNA expression quantification values.
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using the MTT assay. The results revealed that ORD
had a concentration-dependent anti-proliferative action
on PC-3 cells. Untreated control cells did not experience
any anti-proliferative effect and showed 100% PC-3 cell
proliferation. However, 10 uM, 20 uM, 30 uM, and 40 uM
ORD dosages substantially (p < 0.05) inhibited PC-3 vi-
ability compared to the untreated control. Furthermore,
viability was inhibited further by administering a high dos-
age of ORD (50 pM and 60 M), leading to cellular damage.

Results of the MTT assay showed that the ORD IC50
was 30 pM. Therefore, to avoid the damaging effects
of high ORD concentrations (20 pM/mL, 30 pM/mL and
40 uM/mL), ORD was used for subsequent experiments

(Fig. 1).

Oridonin triggered apoptosis
in DAPI-stained PC-3 cells

Assessment of ORD (20 uM/mL, 30 pM/mL and
40 uM/mL) on PC-3 cell morphological apoptotic features
utilized DAPI staining. Control cells stained with DAPI
were viable with normal nuclei. In contrast, ORD-treated
PC-3 cells appeared apoptotic, based on nuclear morphol-
ogy and body disintegration. Furthermore, PC-3 cells
exposed to ORD (20 uM/mL, 30 pM/mL or 40 uM/mL)
displayed chromatin condensation, membrane blebbing,
nuclear envelop impairment, fragmentation, and cellular
collapse in a concentration-dependent manner. These re-
sults demonstrated that ORD exhibits anti-proliferative
and apoptotic activity on PC-3 cells in a dose-dependent
way (Fig. 2).

Oridonin suppressed PCC protein
and messenger RNA expression

We evaluated the effect of ORD on the protein and mRNA
levels of PCC markers. Western blot and qPCR assays indi-
cated that ORD attenuated the levels of protein and messen-
ger (m)RNA of CD133, Oct-4, Sox2, ALDH1A1, and Nanog
in a concentration-dependent manner (Fig. 3,4). These find-
ings demonstrated that ORD could suppress PCC activity.

Variables Control (n=6)

CD133 1(0.91,1.09) 0.85(0.77,0.93)
ALDHTA1 1(0.91,1.09) 0.77 (0.70,0.84)
OCT-4 1(091,1.09) 0.63 (0.57,0.69)
Nanog 1(0.91,1.09) 0.78 (0.71,0.85)
Sox2 1(0.91, 1.09) 0.80(0.73,0.87)

20 uM ORD (n = 6)

30 uM ORD (n = 6) 40 uM ORD (n = 6) p-value
0.73 (0.66, 0.80) 0.59 (0.54, 0.64) p < 0.001
0.64 (0.58,0.70) 0.53(0.48,0.53) p < 0.001
0.51 (046, 0.56) 0.36 (0.33,0.39) p < 0.001
0.53(0.48,0.58) 0.31(0.28,0.34) p < 0.001
0.71 (0.65,0.77) 0.64 (0.58,0.70) p < 0.0