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Drug repositioning is the process of identifying new indications for existing drugs.
At present, the conventional de novo drug discovery process requires an average of
about 14 years and USS$2.5 billion to approve and launch a drug. Drug repositioning
can reduce the time and cost of this process because it takes advantage of drugs
already in clinical use for other indications or drugs that have cleared phase | safety
trials but have failed to show efficacy in the intended diseases. Historically, drug
repositioning has been realized through serendipitous clinical observations or
improved understanding of disease mechanisms. However, recent technological
advances have enabled a more systematic approach to drug repositioning. This
eBook collects 16 articles from 112 authors, providing readers with current advances
and future perspectives of drug repositioning.
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Editorial on the Research Topic
Drug Repositioning: Current Advances and Future Perspectives

Drug repositioning (DR) is the process of identifying new indications for existing drugs. At
present, the conventional de novo drug discovery process requires an average of about 14 years
and US$2.5 billion to approve and launch a drug (Nosengo, 2016). DR can reduce the time
and cost of this process because it takes advantage of drugs already in clinical use for other
indications or drugs that have cleared phase I safety trials but have failed to show eflicacy for the
intended diseases. Historically, DR has been realized through serendipitous clinical observations
or improved understanding of disease mechanisms. However, recent technological advances have
enabled more systematic approaches to DR.

It has been widely recognized that most small-molecule drugs interact with more than one target
protein (Paolini et al., 2006; Mestres et al., 2008). Understanding of the polypharmacology is a
crucial aspect of DR (Lavecchia and Cerchia, 2016). Various in silico methods have been developed
to apply the polyphramacology for DR, including omics based (Nagaraj et al., 2018) and molecular
docking based (Xu et al., 2018) approaches. March-Vila et al. and Tan et al. present overviews
about the computational methods for DR (March-Vila et al.; Tan et al.). Various in vitro assays have
been performed to systematically assess the biological function of drugs. These drugs’ bioactivities,
combined with their chemical structure, physical properties, and clinical indications, have been
recorded in various public databases, such as PubChem (Kim et al., 2016), CheEMBL (Gaulton
etal., 2017), DrugBank (Wishart et al., 2018), and DrugCentral (Ursu et al., 2017). The concept that
similar drugs (in terms of their functions and/or structures) may have similar clinical indications
has been widely used in DR. If drug A has bioactivities similar to those of drug B, which has been
approved to treat disease X, it is plausible that drug A may also treat disease X. Transcriptional
responses induced by drugs and diseases can also be used in DR. If the transcriptional signature
of drug C is inversely correlated to that of disease Y and/or positively correlated to that of drug
D, which has been used to treat disease Y, it is likely that drug C may be used to treat disease
Y. Representative resources for this approach are the Connectivity Map (Lamb et al., 2006) and
the Library of Integrated Network-based Cellular Signatures (LINCS; Subramanian et al., 2017;
Keenan et al., 2018; Koleti et al., 2018). Additionally, similarity of protein structures, especially for
the ligand binding site, can be useful information in DR. If protein A, a key molecule of disease
Z (for which no therapeutics exist), has a local structure similar to that of protein B, which is
known as a therapeutic target of drug E, one can predict that drug E may be used to treat disease Z.
Various databases are useful for this approach, including Protein Data Bank (PDB; Rose et al., 2017),
Protein Binding Sites (ProBis; Konc and Janezic, 2014), and Protein-Ligand Interaction Profiler
(PLIP; Salentin et al., 2015). Integrating these approaches can extend the domain of applicability
of each method and provide novel information. Representative databases for these integrative
approaches are the Drug Repurposing Hub (Corsello et al., 2017), Drug Target Commons
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(Tang et al., 2018), and Open Targets (Koscielny et al., 2017).
Databases that have information about clinical results of DR have
also been developed, including repoDB (Brown and Patel, 2017)
and repurposeDB (Shameer et al., 2018).

Combining in silico prediction and in vitro validation,
Hamdoun et al. found that anthelmintic niclosamide can be used
to treat multidrug-resistant leukemia (Hamdoun et al.). Fang
et al. developed an integrated systems pharmacology approach
for DR of natural produce targeting aging-associated disorders
(Fang et al.). DR of natural products have also been reported,
including ginkgolide C for myocardial ischemia/reperfusion-
induced inflammatory injury (Zhang et al.), halofuginone
for osteoarthritis (Mu et al.), nardosinone for alveolar bone
resorption (Niu et al.), and pleuromutilins for infections due to
Staphylococcus aureus (Dong et al.). Takai and Jin reviewed the
possibility of chymase inhibitors as a novel therapeutic agent for
non-alcoholic steatohepatitis (Takai and Jin).

Retrospective analysis of clinical records can be used to
confirm the validity of DR. Proton pump inhibitors, HT/K*-
ATPase inhibitors, have been reported to protect cisplatin-
induced nephrotoxicity through inhibition of renal basolateral
organic cation transporter 2 and to enhance the sensitivities of
anticancer agents by inhibiting V-ATPase in tumor cells (Ikemura
et al.,, 2017). These off-target effects of proton pump inhibitors
have been successfully validated by retrospective analysis of
electronic health records (Ikemura et al; Wang et al., 2017). The
inhibitory effects of statin for carcinogenesis in various tissues,
including prostate, have been demonstrated in a number of
experimental studies (Thurnher et al., 2012; Yu et al., 2014). Chen
et al. demonstrated that simvastatin reduced the risk of prostate
cancer mortality in patients with hyperlipidemia using a health
insurance research database (Chen et al.). Sharing clinical records
such as electronic health records, health insurance records, and
clinical trial data, can be effective for determining DR.

High throughput screening of chemicals using in vitro and/or
in vivo systems can also strongly drive DR (Nishimura and Hara,
2016). However, most in vitro systems currently used for high
throughput screening are two-dimensional monolayer cultures
that differ from physiological conditions. Langhans reviewed
the three-dimensional in vitro cell culture models that may
recapitulate microenvironmental factors that resemble in vivo
tissue and disease pathology and discussed the significance and
challenges of the system in DR (Langhans).
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Drug repurposing has become an important branch of drug discovery. Several
computational approaches that help to uncover new repurposing opportunities and aid
the discovery process have been put forward, or adapted from previous applications.
A number of successful examples are now available. Overall, future developments will
greatly benefit from integration of different methods, approaches and disciplines. Steps
forward in this direction are expected to help to clarify, and therefore to rationally predict,
new drug-target, target—disease, and ultimately drug—disease associations.

Keywords: drug repurposing, drug discovery, molecular modeling, chemogenomics, structure-based drug
design, ligand-based drug design, machine learning, transcriptomics

INTRODUCTION

Drug repurposing (also known as drug repositioning) aims at identifying new uses for already
existing drugs (Novac, 2013). In drug discovery, drug repurposing has gained an increasingly
important role, because it helps to circumvent preclinical development and optimization issues,
hence reducing time efforts, expenses and failures typically associated with the drug discovery
process.

Over the years, biological and chemical information has been generated at an ever-increasing
pace, marking the entrance in the so-called “big data” era (Costa, 2014). This offers the
scientific community new opportunities to link drugs to diseases, although this relationship is
indirect and relies on complex mechanisms of action. Therefore, a better understanding of the
relationships between drugs and their targets, and between targets and diseases, is a key for drug
repurposing. Unfortunately, we are still far from understanding the overall picture, partly due to
the heterogeneity and incompleteness of the available data. However, computational methods offer
valuable opportunities to create such links, as it will be illustrated below.

In this perspective, different computational methods and approaches are briefly presented, and
their ability to complement and integrate each other in drug repurposing is discussed, which will
certainly gain a foothold in the future.

COMPUTATIONAL DRUG REPURPOSING STRATEGY BASED
ON TRANSCRIPTIONAL SIGNATURES

Transcriptomic data can provide a list of over- and under-expressed genes in a biological
system treated by a pharmacologically active compound. The perturbation of a biological system
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can be measured from genome wide transcriptional responses,
and the drug induced transcriptional responses represent the
signature of the compound activity on biological systems. These
molecular transcriptional signatures can then be compared to
establish therapeutic relationships between known drugs and new
disease indications.

One of the most comprehensive and systematic approaches
toward leveraging the transcriptional signature approach for drug
repositioning is the Connectivity Map project (Lamb et al., 2006).
The publicly funded CMap database’ initially contained profiles
of 164 drugs and was later expanded to 1309 FDA-approved
small molecules. These compounds are tested in five human
cell lines, generating over 7000 gene expression profiles in
the database. The cell perturbation profile of each drug in
the reference collection contains, for each gene measured, a
rank-based measure of the change in transcriptional activity after
exposure to the drug compound, ie., gene signatures. These
signatures form the basis of comparing drugs mechanism of
action at transcriptional level and have been successfully applied
for drug repurposing in many examples. Chang et al. (2010) used
CMap to identify new analgesic and antinociceptive properties
of phenoxybenzamine, originally an anti-hypertensive drug.
Subsequent testing using a rat inflammatory model validated
the analgesic activity. In contrast with CMap gene signatures,
biclustering methods were applied to CMap to group coregulated
genes with the drugs they respond to Iskar et al. (2013). This led
to the identification of vinburnine, a vasodilator, and sulconazole,
a topical antifungal, as interesting cell cycle blockers for cancer
therapy.

NETWORK-BASED DRUG
REPURPOSING

In recent years, network-based computational biology has
attracted increasing attention. It aims at organizing the
relationships among biological molecules in the form of
networks to find newly emerged properties at a network
level, and to investigate how cellular systems induce different
biological phenotypes under different conditions. In the network
pharmacology framework, a network can be depicted as a
connected graph, where each node can represent either an
individual molecular entity (e.g., a drug), its biological target,
a modifier molecule within a biological process, or a target
pathway, while an edge represents either a direct or indirect
interaction between two connected nodes. Ultimately, both
the efficacy and the toxicity of a drug are a consequence of
the complex interplay among different cellular components.
A system-scale perspective is therefore needed to aid modern
drug discovery, especially for complex diseases, which are known
to be caused by perturbation of biological networks.
Network-based analysis has become a widely used strategy
for computational drug repositioning. Hu and Agarwal (2009)
created a disease-similarity network using publicly available
gene expression profiles from NCBI Gene Expression Omnibus

Uhttp://www.broadinstitute.org/cmap

(GEO)* and integrated this network with molecular profiles
and knowledge of drugs and drug targets to infer drug
repositioning opportunities and suggest molecular targets
and mechanisms underlying drug effects. Jin et al. (2012)
developed a novel method to repurpose drugs for cancer
therapeutics by leveraging off-target effects that may affect
important cancer cell signaling pathways. The off-target
effects of drugs on signaling proteins were identified by
using a hybrid model composed of a network component
called cancer-signaling bridges and Bayesian factor regression
model.

LIGAND-BASED APPROACHES IN DRUG
REPURPOSING

Ligand-based approaches are based on the concept that similar
compounds tend to have similar biological properties. In drug
repurposing, these methods have been extensively used to
analyze and predict the activity of ligands for new targets.
Public databases of bioactive molecules, such as PubChem,
ChEMBL, and DrugBank contain information retrieved and
manually curated from literature data (Wishart et al., 2006;
Gaulton et al., 2017; Wang et al, 2017). These databases
represent a huge and ever-growing reservoir of chemical
and biological information such as binding affinity, cellular
activity, functional and ADMET data. Recent advances in
drug repurposing include the release of databases focused on
repurposed drugs, failed drugs, their therapeutic indications,
and bioactivity data (Brown and Patel, 2017; Shameer et al,
2017).

One advantage of applying these approaches to drug
repurposing is that the number of publicly accessible compound
records (more than hundred millions provided only by
PubChem) is far greater than the number of deposited
protein crystal structures (as of today, less than 150,000 in
the Protein Data Bank) (Berman et al, 2000; Wang et al,
2017). On the other hand, ligand-based methods obviously
depend on the chemical space coverage of already known
molecules. Moreover, a high overall similarity does not
necessarily guarantee activity on a secondary target, since
local structural divergences in chemical scaffolds can lead to
“activity cliffs” (Stumpfe and Bajorath, 2012). This limitation,
however, will eventually be overcome by the increase of
structural diversity in bioactivity databases (Hu and Bajorath,
2013).

Recently, a 2D ligand-based similarity analysis of ChEMBL
combined with support vector machine models and analysis
of 3D structural information of protein-ligand complexes,
identified a promising set of target combinations and associated
ligands within the Hsp90 interactome, which are particularly
suitable for multitarget drug design (Anighoro et al, 2015).
Another ligand-based method correctly predicted 23 new drug-
target associations using the similarity ensemble approach
(Keiser et al., 2009). Pharmacophore screening has also been a

Zhttp://www.ncbi.nlm.nih.gov/geo/
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valuable strategy for drug repurposing (Liu et al., 2010). In this
approach, a drug can be represented as a set of pharmacophoric
features which can subsequently be used to interrogate chemical
compound databases to provide compounds with different
scaffolds.

Complementing different levels of ligand description
increases the chances of identifying new repurposing
possibilities. For example, Vasudevan et al. (2012) used 3D
shape-based descriptors to compare approved drugs with
a set of H1 receptor antagonists. Thirteen of the 23 tested
drugs selectively inhibited histamine-induced calcium release
by acting at the H1 receptor level. Interestingly, these drugs
would not have been detected with 2D similarity searching
(Vasudevan et al., 2012). Furthermore, Mervin et al. (2015)
demonstrated how the inclusion of inactive data improved
early recognition abilities in statistical prediction models.
On different grounds, predictive models built upon disease
feature descriptors, large-scale drug-target and target—disease
associations showed performance improvements in predicting
new drug-disease links (Iwata et al., 2015; Sawada et al., 2015). In
particular, it was shown that chemical similarity and phenotypic
similarity are complementary to each other, and that integrating
predictions from both methods is beneficial (Sawada et al,
2015).

LIGAND-BASED CHEMOGENOMICS
AND MACHINE LEARNING IN DRUG
REPURPOSING

A variety of in silico approaches have been applied in ligand-based
chemogenomic campaigns (Mestres et al., 2006; Bender et al,
2007; Gregori-Puigjané and Mestres, 2008). During the last years,
machine learning algorithms, which span from the older but
still attractive Bayesian classifiers to the more advanced support
vector machines, have become increasingly popular to assist the
drug repositioning process (Bender et al., 2007). Methods such as
deep learning and multi-task learning have been successfully used
in chemogenomic benchmark studies (Unterthiner et al., 2014).
Moreover, matrix factorization methods offer the opportunity
to combine bioactivity data with other information, such as
disease information, in one framework (Zhang et al, 2014).
On a different line, other techniques inspired by e-commerce
websites have shown interesting results in identifying new
drug-target associations (Alaimo et al., 2016). In the study, the
technique relies on a network-based inference algorithm and
a drug-target bipartite graph extracted from DrugBank. It was
shown that the algorithm performed better in predicting new
drug-target associations when target and drug similarities are
considered.

Given the versatility in their use and their computational
efficiency, machine-learning approaches will likely continue to
play a prominent role in in silico chemogenomics. Despite many
papers have described test cases and various types of method
development, there is still a lack of published success stories
that employed ligand-based chemogenomics modeling in drug
repurposing.

STRUCTURE-BASED APPROACHES IN
DRUG REPURPOSING

It is established that the similarity principle observed for ligands
applies also to proteins. Proteins with similar structures are likely
to have similar functions and to recognize similar ligands. In the
field of drug repurposing, protein comparison is used as a method
to identify secondary targets of an approved drug (Ehrt et al,
2016).

From a global point of view, proteins can be compared by
sequence similarity. Protein sequences have been used to build
phylogenetic trees, the most popular of which is represented
by the kinome (Manning et al, 2002). In this tree, proteins
of the same family are prone to have related functions and
also to recognize related substrates or ligands, such as for
example dual inhibitors of epidermal growth factor receptor
(EGFR) and epidermal growth factor receptor B2 (ErbB2)
(Zhang et al., 2004). Modern methods to perform multiple-
sequence alignments, such as BLAST, are nowadays widely
used and available through web-servers. It is important to
note that small differences localized at key positions, such as
those occurring in correspondence of the gatekeeper residue of
protein kinases or of other oncogenic mutations, may have a
huge impact on ligand binding (Huang and Fu, 2015). Hence,
local differences in globally conserved protein sequences should
be given careful consideration. Moreover, a study based on
the similarity ensemble approach showed that similar ligands
were able to bind proteins with distantly related sequences
(Keiser et al, 2007). Overall, local binding site similarities
can be more important than global similarities to determine
polypharmacology and drug repurposing (Jalencas and Mestres,
2013b; Anighoro et al,, 2015).

In identifying unknown targets of known ligands, sequence
alignments perform well when proteins share a high degree of
sequence identity, whereas local protein comparison performs
better when proteins share low sequence identity (Chen et al.,
2016). Detecting local similarities by comparing protein binding
sites has become increasingly important (Ehrt et al, 2016).
Binding site identification and comparison are commonly
performed by scanning the protein surface in order to identify
cavities (Laurie and Jackson, 2006) and then by calculating
descriptors of different nature useful to derive a similarity
score.

It is important to note that several approaches and algorithms
for binding site comparison have been put forward, but
none of them appears to be devoid of failures or limitations
(Ehrt et al, 2016). Notwithstanding, binding site similarity
has proven a valuable tool in a number of studies. For
example, a study carried out by Defranchi et al. (2010)
used a binding site comparison method to predict the cross-
reactivity of four protein kinase inhibitors with Synapsin I
These discoveries were supported by sub-micromolar affinities
of the kinase inhibitors for Synapsin I. Interestingly, binding
site similarity and other molecular modeling techniques were
used in combination to uncover new targets of the drugs
entacapone and tolcapone (Kinnings et al., 2009). The study
started from a large set of similar binding sites, which was further
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finalized by simulating the binding mode of entacapone and
tolcapone using docking. Proteins for which ligands gave the
best docking scores were prioritized and further experimentally
validated.

It is worth mentioning that ligand binding modes, when
available, are a strong asset in the process of identifying new
targets. One way to model the molecular recognition is to
focus on target-ligand interactions. This can be achieved with
various methods, such as structure-based pharmacophores or
interaction fingerprints. When the structure of a protein-ligand
complex is not available, one can use computational methods
to predict hot spots in the binding site (Hall et al, 2015).
Another approach joining ligand information to protein
environments uses the concept of chemoisosterism (Jalencas
and Mestres, 2013a). Chemoisosterism can be defined as
the property of two protein environments to bind the
same molecular fragment, and can shed light into the
inherent cross-pharmacology between protein targets. The
degree of chemoisosterism was found to be related to the
polypharmacology of chemical fragments (Jalencas and Mestres,
2013b). This approach allows the creation of interaction

networks connecting chemical fragments to chemoisosteric
protein environments. These networks, complemented with
target-disease associations, constitute attractive starting points
for drug repurposing efforts.

Based on similar concepts, a method for interrogating
large data sets of proteins (as large as the PDB) with highly
customizable geometric patterns as searching templates was
recently described (Inhester et al., 2017). This method was able
to identify chemoisosteric protein environments binding the
uracil moiety of uridine diphosphate from a query built with
deoxythymidine.

Structure-based methods are obviously dependent on the
availability of crystallographic structures of protein-ligand
complexes. Resolution and sensitivity to atomic coordinates
impact the level of details that one can use to model a binding
site. While crystallographic structures represent a static model
of a protein, other pockets may appear upon conformational
changes. Detecting those cryptic sites has become an emerging
field of research, because it may provide additional options
in drug repurposing. In fact, cryptic allosteric sites may be
useful to gain selectivity, explore new chemical spaces for
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drug design, and establish drug-target associations beyond the
more commonly explored orthosteric site. For instance, Markov
models have been applied in combination with experimental
assays using a chemical probe to uncover cryptic allosteric
sites of TEM-1 B-lactamase (Bowman et al., 2015). Overall,
uncovering new allosteric sites in proteins may provide far
more opportunities to repurpose drugs than is currently
recognized.

MOLECULAR DOCKING

Molecular docking is a versatile tool used to predict the
geometry and to score the interaction of a protein in complex
with a small-molecule ligand (Kitchen et al., 2004). Therefore,
these methods can be used to predict if a given drug
is potentially able to bind other targets. Docking studies
have been successfully exploited in drug repurposing, as
reported in many recent studies (Kinnings et al., 2009; Li
et al, 2011; Dakshanamurthy et al, 2012). In this context,
virtual screenings can be performed either by docking a
known drug into a large set of different target structures,
or by docking a database of approved drugs into one
intended specific target. Molecular docking is in fact a
convenient and fast method to screen large libraries of
both ligands and targets, with a full range of sampling
options (Kitchen et al, 2004), and is obviously restricted to
studies in which a 3D structure of the target is available
through crystallography, nuclear magnetic resonance (NMR),
or comparative models. It should be noted that docking
methods still have drawbacks and limitations, mainly arising
from the use of approximate scoring functions and imperfect
binding mode placement algorithms. Often these problems can
be overcome by post-processing docking results with more
accurate scoring functions and/or other criteria (Sgobba et al.,
2012).

In the study of Li et al. (2011), docking methods have
been successfully exploited as a stand-alone method in drug
repurposing, by docking the drugs of the DrugBank database
into 35 crystal structures of MAPK14. The study identified the
chronic myeloid leukemia drug nilotinib as a potential anti-
inflammatory drug with an in vitro ICsp of 40 nM (Li et al,
2011).

Docking is notably well suited for either drug-based and
target-based drug repurposing, as reported in the results of the
work of Dakshanamurthy et al. (2012), where an anti-parasitic
drug was successfully tested as an anti-angiogenic vascular
endothelial growth factor receptor 2 (VEGFR2) inhibitor,
and a new connection was discovered between previously
untargeted Cadherin-11, implied in rheumatoid arthritis, and
cyclooxygenase-2 (COX-2) inhibitor celecoxib.

It is important to note that docking, despite its limitations,
is a well-established and experimentally validated approach for
predicting new drug-target associations. Once integrated with
ligand-based methods and other available information about
target-disease associations, it constitutes a powerful approach to
repurpose (newly) targeted drugs for a specific disease.

INTEGRATING DIFFERENT APPROACHES
AND FUTURE DIRECTIONS

The goal of drug repurposing is to uncover new links
between drugs and diseases, most commonly via targets. As
illustrated in the previous sections, computational predictions
followed by experimental assessment have been successfully
used to identify new drug repurposing possibilities. As always,
each computational method has its own field of applicability,
drawbacks and limitations. One should be aware of the fact
that none of these methods alone will be sufficiently able to
disclose (or even model) the complex interplay between drugs,
targets and diseases. Therefore, we are left with the possibility
of using one or more computational approaches to “navigate”
through the wealth of available information and hopefully
find “clues” solid enough to justify a repurposing hypothesis
worth of experimental investigation. The choice of the most
appropriate method(s) will basically depend on the nature of
the problem to solve and on the type, quality, and quantity
of information available on that problem in the literature or
in public or proprietary databases. Unfortunately, information
is often fragmented, and generally reflects only a single or
few aspects of a much more complicated story. Future efforts
should be more thoroughly directed toward disclosing hubs and
links of the complex network that relates drugs, targets and
diseases. Integrating the huge and heterogeneous amount of
available data (chemical, biological, structural, clinical) into a
unified workflow is obviously a challenging task. In this respect,
the integration and use of different computational methods as
shown above will provide valuable opportunities to extend the
domain of applicability of each method and more thoroughly
exploit information coming from different sources (Figure 1).
Likewise, this will greatly benefit from better integration of
multidisciplinary work. A network-based approach built upon
these considerations will likely provide new routes to navigate
through all the potential links between drugs and diseases,
thus creating new opportunities for drug repurposing and drug
discovery in general.
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Glioblastoma multiforme (GBM) is the most malignant primary adult brain tumor. The
current standard of care is surgical resection, radiation, and chemotherapy treatment,
which extends life in most cases. Unfortunately, tumor recurrence is nearly universal and
patients with recurrent glioblastorma typically survive <1 year. Therefore, new therapies
and therapeutic combinations need to be developed that can be quickly approved
for use in patients. However, in order to gain approval, therapies need to be safe as
well as effective. One possible means of attaining rapid approval is repurposing FDA
approved compounds for GBM therapy. However, candidate compounds must be able
to penetrate the blood-brain barrier (BBB) and therefore a selection process has to be
implemented to identify such compounds that can eliminate GBM tumor expansion. We
review here psychiatric and non-psychiatric compounds that may be effective in GBM,
as well as potential drugs targeting cell death pathways. We also discuss the potential
of data-driven computational approaches to identify compounds that induce cell death
in GBM cells, enabled by large reference databases such as the Library of Integrated
Network Cell Signatures (LINCS). Finally, we argue that identifying pathways dysregulated
in GBM in a patient specific manner is essential for effective repurposing in GBM and
other gliomas.

Keywords: glioblastoma, drug repurposing, blood-brain barrier, Library of Integrated Network Based Cell
Signatures, LINCS

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and aggressive adult primary brain tumor.
Despite decades of research and clinical trials, the median survival remains at approximately
14 months. This is in part due to the highly invasive nature of GBM cells, which makes
complete surgical resection difficult. In addition, GBM cells develop resistance against the
current multimodal treatment regimen that includes the alkylating agent temozolomide (TMZ)
and radiation. Furthermore, tumors expressing the DNA repair protein O6-methylguanine
methyltransferase (MGMT) are resistant to TMZ. Finally, many targeted therapies fail in clinical
trials because they do not effectively cross the blood-brain barrier (BBB). Collectively, these findings
necessitate the discovery of novel therapeutic avenues for treating GBM. Impressive technological

Frontiers in Pharmacology | www.frontiersin.org 15

March 2018 | Volume 9 | Article 218


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.00218
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.00218&domain=pdf&date_stamp=2018-03-16
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nayad@med.miami.edu
https://doi.org/10.3389/fphar.2018.00218
https://www.frontiersin.org/articles/10.3389/fphar.2018.00218/full
http://loop.frontiersin.org/people/510371/overview
http://loop.frontiersin.org/people/436152/overview
http://loop.frontiersin.org/people/176129/overview
http://loop.frontiersin.org/people/44347/overview

Tan et al.

Drug Repurposing in Glioblastoma

advances have enabled us to decipher the genetic and cellular
makeup of GBM tumors (Verhaak et al, 2010; Clarke et al,
2013). However, the lengthy time required to develop new
small molecules and to demonstrate their efficacy and safety in
preclinical models is a major impediment for uncovering novel
treatments for this devastating disorder.

Drug repositioning may be one means of expediting
therapeutic drug development for GBM. Drug repositioning, or
drug repurposing, is the method of expanding the therapeutic
range of an established Food and Drug Administration (FDA)-
approved drug to another disease by identifying a novel use
for the drug. One of the reasons drug repositioning may
be more advantageous over novel drug discovery is that the
pharmacokinetic and safety profiles of that drug are already
known. In addition, drug repurposing is considerably less costly
and less time intensive than novel small molecule discovery.

The rationale of drug repositioning lies, in part, in the
ability of small molecules to target distinct proteins in cells.
Different pathways involved in cancer initiation or progression
that are considered unrelated to each other can thus be
targeted by the same molecule. This concept is also known
as “polypharmacology.” This is in contrast to the traditional
mindset in drug discovery where the goal is to identify one drug
solely for one target, with the hope that this high selectivity can
enhance efficacy of the drug and reduce oft-target toxicities. In
this review, we focus on drug repositioning in glioblastoma, with
emphasis on novel uses of psychiatric and non-psychiatric drugs,
which are known to cross the BBB. In addition, we highlight
recent efforts to utilize systems approaches for identifying
repurposing agents in cancer that can be applied to glioblastoma.

One of the most challenging parts of GBM treatment is
the complete elimination of the glioblastoma stem cell (GSC)
population (Clarke et al, 2013). Among the heterogeneous
cellular mass of gliomas, a small subpopulation of cells that
are responsible for brain tumor initiation, termed GSCs, have
been described to be primarily responsible for the recurrence of
malignant glioma, due to their self-renewal ability, and multi-
lineage differentiation potential (Jiang et al., 2016; Lubanska and
Porter, 2017). These cells recapitulate the parental tumor cells in
their complex biological nature. Chemotherapies usually kill the
proliferating cells by inducing DNA damage, but do not affect
stem cells, which remain at the original site after resection and
eventually lead to tumor infiltration and recurrence, as well as
GBM resistance to TMZ (Lubanska and Porter, 2017). Hence,
many of the recent studies focus on this subpopulation of stem
cells. Therefore, in considering repurposing drugs for GBM, it is
essential that we consider their efficacy in eliminating GSCs.

PSYCHIATRIC DRUGS FOR TREATING
GLIOBLASTOMA

Several studies have investigated the ability of FDA-approved
psychotropic agents to inhibit GBM cell proliferation and
migration (Table1) (Triscott et al, 2012; Lee J. K. et al,
2016). Screens that yielded compounds previously shown
to be brain penetrant were considered especially promising

because this is an obvious prerequisite for reducing GBM
growth in humans. An intact BBB only allows diffusion of
lipid-soluble molecules smaller than 400 Da, and molecules
which are naturally transported by the existing carrier proteins
(Gan et al.,, 2017). There is also an active efflux mechanism for
compounds that enter the brain, mainly due to transporters
located at the BBB. Organic anion-transporting polypeptide
1A2 (OATP1A2/SLCO1A2), organic anion transporter 3
(OAT3/SLC22A8), P-glycoprotein (P-gp), multidrug-resistance-
associated protein 4 (MRP4/ABCC4), and monocarboxylate
transporter 1 (MCT1/SLC16A1) are examples of transporters,
which are present at the BBB (Urquhart and Kim, 2009).
The restriction of the BBB, which causes low distribution of
therapeutic agents in the brain, remains a challenge. Therefore,
compounds that have been previously shown to be equally
distributed throughout the whole brain are especially attractive
for treating GBM patients.

Importantly, many GBM patients are treated with
psychopharmacological agents because they suffer from
comorbid psychiatric disorders such as anxiety, depression
with suicidal ideation, psychosis, and acute confusional status
(Lee J. K. et al,, 2016). Interestingly, the incidence of cancer
occurrence is inversely proportional to antipsychotic drug
treatment in patients with schizophrenia, perhaps suggesting
that there is a benefit to treatment with antipsychotic drugs for
cancer patients (Barak et al., 2005; Tran et al., 2009). Whether
this is due to a direct effect on tumor growth or indirectly due
to the psychological benefits for the medications remains to be
determined. Although many of the primary targets of these drugs
are present in GBM cells, most reports discuss the off-targets
effects of these drugs and favor polypharmacology. Below we
discuss some drugs commonly used in psychiatry that have
potent anti-proliferative properties in vitro and in vivo.

Typical Antipsychotics (Neuroleptics)
Antipsychotic drugs, also known as neuroleptics or major
tranquilizers, are primarily used in the treatment of psychosis,
schizophrenia, acute mania, bipolar disorder, and Tourette
syndrome.  Haloperidol, trifluoperazine,  fluphenazine,
thioridazine, perphenazine, and chlorpromazine (CPZ) are some
of the commonly used antipsychotics. All typical antipsychotics
block dopamine D, receptors.

Antipsychotics  suppress proliferation, invasion, and
anchorage-independent growth of GBM cells (Oliva et al.,
2017; Pinheiro T. et al., 2017). Dopamine receptor subtype 2
is present in GBM cells and is responsible for the mitogenic
signaling (Bartek and Hodny, 2014). There have been several
mechanisms of action proposed for their potential anti-tumor
effect (Table 1). For example, a recent publication by Kang et al.
showed that trifluoperazine binds to a Ca?*-binding protein,
calmodulin subtype 2 (CaM2), de-represses the Ca®t release
channel inositol 1,4,5-triphosphate receptor (IP3R) subtype
3, and subsequently stimulates the irreversible mass release
of Ca** in GBM cells (Kang et al., 2017) (Figure 1). Ca** is
essential for numerous functions in cells such as regulating gene
expression and metabolism (Kang et al., 2017). Intracellular
Ca?* homeostasis is tightly regulated in a biological system
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FIGURE 1 | Mechanisms of anti-gliomagenic effects of different psychiatric and non-psychiatric drugs as demonstrated via in vitro studies.

3-kinase;

-L1:p death-ligand 1; PI3K: phospt
i SV2A: synaptic vesicle glycoprotein 2A;

SSRls:

in receptor il

and an alteration in Ca** levels can result in cell death (Kang
et al,, 2017). A phenothiazine, CPZ, was demonstrated by Oliva
et al. to inhibit mitochondrial cytochrome ¢ oxidase (CcO) in
chemoresistant glioma cells and GSCs when CcO subunit 4
isoform 1 (COX4-1) is present, but not COX4-2 (Oliva et al.,
2017). However, this was only true for TMZ-resistant cells as
TMZ-sensitive cells were not affected by CPZ. Attenuated CcO
reduces the efficacy of mitochondrial OxPhos dependent ATP-
linked respiration and lowers reactive oxygen species production,
thereby lowering glioma progression (Oliva et al., 2017). COX4
affects the sensitivity of GBM cells to CPZ (Oliva et al., 2017).
Increased CcO activity and increased COX4-1 expression were
observed to be associated with worse prognosis in GBM (Oliva
etal., 2017). Oliva et al. also demonstrated the beneficial effect of
CPZ in prolonging survival in an in vivo preclinical study (Oliva
et al, 2017). Importantly, there were no adverse behavioral
effects noticed with CPZ use in this model, suggesting that
similar use in GBM patients could be well-tolerated.

Another potential means for reducing GBM growth is
via inhibiting G-protein coupled receptors (GPCRs) that
regulate GBM cell proliferation. For instance, pimozide inhibits
o-receptors, one of the atypical GPCRs expressed, and thus
attenuates GBM proliferation (Lee J. K. et al., 2016) (Figure 1).
Another antipsychotic, thioridazine, has been shown to be
cytotoxic to GBM cells by increasing 5'-AMP-activated protein
kinase (AMPK) activity, which is downstream of GPCR signaling

(Cheng et al.,, 2015). Given the substantial literature associated
with GPCR signaling, it will be important to correlate clinical
efficacy of drugs affecting GBM progression in clinical trials with
the signaling pathway the drug affects.

Atypical Antipsychotics

Although the exact molecular mechanisms underlying the
therapeutic actions of atypical antipsychotics remain obscure,
they have multiple effects on dopamine, 5-HT,, a-, and H;-
receptors. Their low-risk profiles make them especially attractive
for repurposing in GBM. Olanzapine, clozapine, asenapine,
lurasidone, quetiapine, risperidone, aripiprazole, brexpiprazole,
and ziprasidone are some examples of second-generation atypical
antipsychotics (Table 1).

Olanzapine is used in the treatment of schizophrenia, bipolar
disorder, and neurological conditions such as Huntington’s
disease. Olanzapine is an antagonist of the serotonin (5-
HT,4) and dopamine (D,) receptors. In the cancer field,
olanzapine has been used to control pain and chemotherapy
associated nausea. Olanzapine has emerged as an attractive
therapeutic candidate for repurposing in brain cancer as it
reduced glioblastoma cell expansion in vitro and in vivo (Karpel-
Massler et al.,, 2015; Karbownik et al., 2016). Karpel-Massler
et al. reported that olanzapine has antineoplastic capability and
its cytotoxicity effect in vitro is enhanced when combined with
TMZ (Karpel-Massler et al., 2015). Furthermore, olanzapine
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reduces GBM cancer cell proliferation, decreases anchorage-
independent colony formation, inhibits migration, and induces
mixed apoptosis and necrosis in GBM cells (Karpel-Massler et al.,
2015). The mechanism of action includes downregulation of the
Wnt/B-catenin pathway and c-Jun and is also thought to be
dependent on the extracellular concentration of phospholipase
D and other factors (Karpel-Massler et al., 2015) (Figure 1).
However, the efficacy of olanzapine likely varies among different
GBM cell lines given the heterogeneous nature of GBM as
another study found that treatment of glioma cells with
olanzapine did not affect viability (Ferno et al, 2006). The
increase in AMPK thought to promote cell death in the Karpel-
Masler study was not observed in this study (Karpel-Massler
et al,, 2015). Another possibility to account for the differential
effects is that the concentrations used were vastly different.
Indeed, the concentrations used in the Karpel-Massler study were
very high and not likely to be attained in the clinical setting.

Another atypical antipsychotic, quetiapine, acts as an
antagonist at serotonin (5-HTj;4 and 5-HT,a), dopamine
(D; and D3), histamine (H;), and adrenergic (o7 and ay)
receptors. It is an FDA-approved drug for the treatment
of schizophrenia, bipolar disorder, and often used in major
depressive disorder (MDD) as well as generalized anxiety
disorder. In a recent publication, Wang et al., demonstrated
that quetiapine suppresses GBM cell growth in vitro and in vivo
(Wang et al,, 2017b). High doses of quetiapine suppress GSC
proliferation by arresting cells at the G2/M phases of the cell
cycle. Importantly, quetiapine improves survival of mice bearing
glioma. The proposed mechanism of action involves promoting
the differentiation of GSCs into oligodendrocyte (OL)-like cells
by inhibiting the Wnt/B-catenin signaling pathway (Wang et al,,
2017b) (Figure 1). This anti-gliomagenic property is attributed
to the finding that well-differentiated cells are more sensitive to
chemotherapy than less differentiated ones (Persson et al., 2010).
This is significant in demonstrating that quetiapine may inhibit
TMZ-resistant glioma (Wang et al., 2017b).

Another mechanism through which quetiapine controls cell
growth is via downregulation of the phosphoionositide 3-kinase
(PI3K) pathway, a major driver of GBM cell proliferation
(Figure 1). Karbownik et al. in 2016 demonstrated that
quetiapine reduces mRNA expression of the PI3K component
PIK3CD in GBM cells (Karbownik et al., 2016).

Tricyclic Antidepressants

Approximately 90% of GBM patients are reported to have
significant depressive symptoms and neurological disturbances
(Bielecka-Wajdman et al., 2017). One can easily foresee that
the severe stress associated with GBM patients both from the
poor prognosis and the consequences of therapy contribute
to depression. Furthermore, oncologists often also prescribe
these antidepressants to control chronic and neuropathic
pain, migraines, anorexia, anxiety disorders, and circadian
rhythms. Tricyclic antidepressants (TCAs) such as amitriptyline,
imipramine, clopiramine, doxepin, and amoxapine act primarily
by preventing the reuptake of norepinephrine and serotonin at
presynaptic terminals (Higgins and Pilkington, 2010).

Although the antidepressant effects of TCAs are well
established, the anticancer effect remains a big question due to
many conflicting reports discussing whether antidepressants can
induce or reduce tumorigenesis. TCAs reduce cell proliferation
in rat C6 glioma, human neuroblastoma, and human astrocytoma
cells (Higgins and Pilkington, 2010; Tzadok et al., 2010; Lawrence
et al., 2016). Bielecka-Wajdman et al. also demonstrated that
antidepressants, especially amitriptyline and imipramine, can
reduce the “stemness” of the GSCs at a rate dependent on the
oxygen content of the hypoxic microenvironment in which the
tumor resides. The low oxygen content in tumors is a common
issue for most cancers and it is responsible for GBM invasion
(Monteiro et al., 2017). Bielecka-Wajdman et al. observed a
downregulation of the “stemness genes” Sox1, Sox2, Nestin, Ki67,
and CD44 after TCA treatment (Bielecka-Wajdman et al., 2017).
They also hypothesized that TCAs can affect GCS plasticity
and cancer immunity by regulating pro- and anti-inflammatory
cytokines, immune cells, and reactive oxygen species (Bielecka-
Wajdman et al., 2017). Hence, it is possible that TCA can trigger
the host immune response.

In addition, imipramine, as demonstrated by Jeon et al,
reduces U-87MG glioma cell growth by inhibiting the
PI3K/Akt/mTOR signaling pathway and inducing autophagy, but
not apoptosis (Jeon et al., 2011) (Figure 1). This is in response
to the report from Levkovitz et al. where they demonstrated that
some TCAs but not imipramine, increase apoptosis (Levkovitz
et al., 2005). They observed a rapid rise in phospho-c-Jun levels
and increased mitochondrial cytochrome c release in glioma cells
after TCA treatment (Levkovitz et al., 2005). Munson et al. in
2012 also demonstrated that imipramine blue is able to limit the
invasion of GBM cells and this “containment” helps to enhance
the effect of chemotherapy at the tumor field. This is suggested
to be modulated by NADPH oxidase-mediated reactive oxygen
species generation (Munson et al., 2012). These off-targets effects
seen with TCA use are likely to inhibit GBM cells survival.

A recent nation-wide study conducted by Pottegard et al.
in Denmark investigated the protective effects of TCAs against
gliomas. In a sample of 75,340 control patients and 3,767 patients
with glioma, long term (>3 years) use of TCAs was inversely
correlated with glioma risk, with an odds ratio of 0.72 (Pottegard
et al., 2016). This is contrary to the observation reported by
Walker in 2012 in the United Kingdom that exposure to TCA
post-diagnosis of glioma does not improve survival (Walker et al.,
2012). However, patients in this study were not receiving TCAs
previously, so the experimental designs in these two studies are
quite different.

Selective Serotonin Reuptake Inhibitors

Selective serotonin reuptake inhibitors (SSRIs), the most
commonly used antidepressants, increase  serotonin
concentrations at the synapses and activate the postsynaptic
neurons (Table1). Commonly used SSRIs are sertraline,
citalopram, fluoxetine, fluvoxamine, escitalopram, and
paroxetine. A report from the Glioma Outcomes Project
has shown that patients who are depressed, either during the
surgery or post-operative management period, are more likely
to suffer from more comorbidities and have an increased rate of
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death (Caudill et al., 2011). Although Caudill in 2010 concluded
that the use of SSRIs is safe in GBM patients, there is still a debate
as they are associated with a higher risk of seizures (Caudill et al.,
2011). Compared to citalopram and sertraline, fluoxetine, and
paroxetine can inhibit the CYP450 2D6 isoenzyme and lead to
drug-drug interactions that may account for the higher toxicity
of these medications in GBM patients (Rooney and Grant, 2012).

SSRIs have recently gained much attention for potential
anti-GBM property due to their BBB penetration properties
and favorable safety profile. Fluvoxamine, which is able to be
selectively transported into the brain at higher concentration
without causing peripheral side effects, is safe to be used in
treating depression in GBM patients. In addition to reducing
cell proliferation, SSRIs can induce apoptosis in GBM (Levkovitz
et al., 2005). Fluvoxamine has been demonstrated to reduce
actin polymerization through inhibition of actin polymerization-
related proteins, thereby reducing GBM cell invasion via
lamellipodia suppression (Hayashi et al, 2016) (Figurel).
Hayashi et al. demonstrated that fluvoxamine decreases FAK
phosphorylation at Y397, Akt phosphorylation at T308 and
S473, as well as mTOR phosphorylation at S2448 and S2481
(Hayashi et al.,, 2016) (Figure 1). Although fluvoxamine does
not affect GBM cell proliferation, a reduction in proliferating
cells was seen in fluvoxamine treated tumors, and fluvoxamine
was shown to reduce tumor burden in mice bearing tumors
from human glioma-initiating cells, suggesting that the positive
effects of fluvoxamine in preclinical glioma models is achieved
via reducing the invasive capacity of tumor cells. In their model,
fluvoxamine maleate is administered at 50 mg/kg/day, which is
higher than the daily human equivalent dose that is usually given
to patients in the clinic. (Hayashi et al., 2016).

In contrast to fluvoxamine, fluoxetine induces glioma cell
death. Importantly, fluoxetine is not toxic to primary astrocytes
and neurons (Liu et al, 2015). Fluoxetine directly binds to
GluR1, activates AMPA receptors and increases Ca’t influx
into the mitochondria (Liu et al, 2015). This Ca?*T influx
subsequently induces mitochondrial membrane damage and
releases cytochrome c, as well as activating caspase-9, caspase-
3, and poly (ADP-ribose) polymerase (PARP), thereby triggering
apoptosis (Liu et al., 2015). Interestingly, fluoxetine is similar to
TMZ in reducing GBM growth in vivo (Munson et al., 2012).
Tzadok et al. in 2010 also demonstrated the synergistic effect of
fluoxetine, sertraline, or perphenazine with the tyrosine kinase
inhibitor imatinib in reducing GBM cell proliferation, suggesting
a potential use for GBM therapy (Tzadok et al., 2010).

Sedative Hypnotics

Benzodiazepines are often used as a general anesthetic and
are also indicated for patients suffering from several anxiety
disorders, spasticity, status epilepticus, detoxification, night
terrors, and sleepwalking. Diazepam, lorazepam, triazolam,
temazepam, oxazepam, and midazolam are the most
widely available benzodiazepines (Table1). They facilitate
vy aminobutyric acid A (GABA,) receptor complex action
in the central nervous system by increasing the frequency of
Cl™ channel opening (Chen et al., 2013). In GBM patients,
diazepam can help alleviate post-cancer therapy anxiety and

inhibit chemotherapy-associated delayed emesis. Even though
benzodiazepines easily cross the BBB, the need for a higher
dose to achieve efficacy in anticancer therapy remains a safety
concern.

In 2013, Chen et al. investigated the anti-proliferative property
of diazepam in human glioblastoma (Chen et al., 2013). They
demonstrated that by inactivating the cell cycle protein Rb,
diazepam can cause a cell cycle arrest at the GO/G1 phase in
human GBM cells in a dose-dependent manner (Figure 1). This
result adds on to an earlier study, which showed that diazepam
facilitates hypericin-induced and etoposide-induced cytotoxicity
in GBM cells (Sarissky et al., 2005). Altogether, this demonstrates
that diazepam not only sensitizes GBM cells to chemotherapy,
but also kills tumor cells.

Antiepileptics/Anticonvulsants

Nearly 22-60% of GBM patients exhibit epileptic seizures as
an initial clinical complication (Van Nifterik et al., 2012).
Sodium valproate or valproic acid (VPA) is one of the most
commonly prescribed antiepileptic drugs (AEDs) that has been
used for decades. The prescription is usually justified after a
first and single seizure in a GBM patient. VPA is also utilized
for the treatment of myoclonic seizures, migraines and bipolar
disorder. Sodium valproate prolongs Na™ channel inactivation
and inhibits gamma-butyric acid (GABA) transaminase, hence
increasing the concentration of GABA (Table 1).

Sodium valproate or VPA is also a histone deacetylases
(HDAGCs) inhibitor that has been proposed as a potential
adjuvant in cancer treatment. Histone lysine residue acetylation
and deacetylation are among the most widely characterized
posttranslational ~modifications in  epigenetics. Histone
deacetylases promote neoplasia by condensing chromatin
and repressing transcription of tumor suppressor genes, and
these HDACs are often overexpressed in GBM (Rundle-Thiele
et al, 2016). As epigenetic modifiers, HDAC inhibitors can
increase the cancer cell’s sensitivity to ionizing radiation, while
preventing normal cells from being killed by radiotherapy
(Zhang et al,, 2016). Sodium valproate exposure increases
histone hyperacetylation in glioma cells, inhibits cell growth,
and increases cell radiosensitivity (Chinnaiyan et al., 2008; Van
Nifterik et al., 2012; Lee C. Y. et al., 2016; Zhang et al., 2016; Tseng
etal, 2017). Sodium valproate has also been used in combination
with other chemotherapies such as TMZ, topoisomerase
inhibitors, and carboplatin in medulloblastoma and glioma
studies (Felix et al., 2011). By contrast, Lee et al. demonstrated
that at a therapeutic dose, sodium valproate alone inhibits <20%
of cell proliferation (Lee C. Y. et al., 2016). However, when
combined with TMZ, VPA shows a significant antineoplastic
impact in TMZ-resistant glioma cells via downregulating MGMT
expression (Figure 1). This combination therapy also showed
promising results in a Phase II clinical trial of newly diagnosed
GBM patients. Interestingly, a hybrid compound of TMZ and
an HDAC inhibitor named HYBCOM was developed in order
to minimize resistance (Pinheiro R. et al., 2017). The authors
were able to demonstrate the efficacy of this compound in
reducing glioma cell proliferation through selective autophagy
in tumor cells and reduced multi-drug resistance, as compared
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to TMZ alone. However, VPA can inhibit several enzymes,
such as CYP2C coenzymes, epoxide hydroxylase, and uridine
diphosphate-glucuronosyltransferase, which may be linked to
its unfavorable side effects. Killick-Cole et al. also proposed
repurposing VPA for the treatment of diffuse intrinsic pontine
glioma (DIPG), a deadly pediatric brain tumor (Killick-Cole
et al, 2017). In DIPG, sodium valproate reduced survival of
ex vivo DIPG cells, induced apoptosis, and showed minimal
toxicity to rat hippocampal neuronal and glial cells. In addition,
pre-conditioning of DIPG cells by sodium valproate is synergistic
with carboplastin in inducing cytotoxicity in these cells (Killick-
Cole et al., 2017). However, there is no report on targeting Na™
in GBM by an antiepileptic.

Importantly, some of the drugs or drug combination can
influence the recognition of GBM cells by the immune system.
Hence it is possible that these drugs can also activate a
host immune response. For instance, the alkylating agent
administered to GBM patients, TMZ, can stimulate the
expression of stress-induced antigens such as NKG2D ligands
(MICA and ULBPs) on GBM cells (Chitadze et al., 2016).
This sensitizes them to be killed by anti-tumor effector cells.
Interestingly, the same effect is also seen in GBM cells when
treated with HDAC inhibitors (Adamopoulou and Naumann,
2013).

Recently, nation-wide based data from 1,263 GBM patients
in Norway from 2004 to 2010 showed that the choice of
AED does not affect survival of GBM patients (Knudsen-Baas
et al., 2016). Happold and colleagues in 2016 prospectively
analyzed a pooled dataset of 1,869 newly diagnosed GBM patients
recruited from four different clinical trials and showed that
the use of sodium valproate does not correlate with survival
(Happold et al., 2016).

By contrast, carbamazepine was the most frequently
prescribed AED for GBM patients from 2004 to 2006 in Norway.
However, this shifted toward levetiracetam (LEV) at a later
period, namely from 2009 to 2010. LEV, another commonly
used anticonvulsant, is effective in treating and preventing
focal seizures, which are common in patients with intracranial
tumors. It binds to the vesicular protein SV2A and enhances the
release of GABA. It also penetrates the BBB rapidly and has a
high therapeutic index, as compared to other AEDs (Knudsen-
Baas et al., 2016). Importantly, this drug may be especially
promising in treating GBM because of its lack of interaction with
chemotherapy agents.

Peddi et al. in 2016 reported the first possible case
of glioblastoma regression after combination treatment of
dexamethasone and LEV intended for seizure prophylaxis (Peddi
et al., 2016). This opens up many questions regarding the cause
of this remarkable finding. LEV, as demonstrated by Bobustuc
et al., has the ability to abrogate glioma cell proliferation and
increase GBM cellular sensitivity to TMZ (Bobustuc et al., 2010).
LEV enhances the expression of the tumor suppressor protein
p53 and increases binding of the HDAC1/mSin3A complex to the
MGMT promoter (Bobustuc et al., 2010). This survival benefit
is further validated in a prospective randomized study by Kim
et al. in 2015, showing that the median progression-free survival
(PFS), and overall survival (OS) for GBM patients taking LEV

in combination with TMZ is significantly longer than those
receiving TMZ alone (Kim et al., 2015).

Disulfiram

Disulfiram (tetraethylthiuram disulfide), which is currently used
to treat alcoholism, is one of the most promising FDA-
approved drugs for repurposing in GBM. Disulfiram was initially
discovered in the rubber manufacturing industry in 1937, where
it was observed that rubber workers who were exposed to
disulfiram developed flu-like symptoms whenever they imbibed
alcohol (Triscott et al., 2015). Based on this serendipitous
finding, disulfiram has been utilized for the treatment of
alcohol abuse and has been used for more than 60 years.
The mechanism of action for disulfiram is that it inhibits
the liver acetaldehyde dehydrogenase (ALDH) enzyme, which
normally catalyzes the oxidation of acetaldehyde to acetate with
the aid of the NADT cofactor (Triscott et al., 2012). After
ALDH inhibition, acetaldehyde accumulates, which contributes
to flushing, sweating, headache, nausea, and other hangover
symptoms.

Multiple in vitro and in vivo studies have indicated that
disulfiram may be effective for the treatment of brain tumors.
Triscott etal. in 2012 demonstrated that even low-dose disulfiram
inhibits proliferation and self-renewal of GBM cells that are
resistant to TMZ, without affecting normal human astrocytes
(Triscott et al., 2012). However, the dose of disulfiram used in
their study is higher than the 250 mg/day dose given to patients,
and therefore the potential utility is questionable (Triscott et al.,
2012). In 2015, the same group also demonstrated that GBM cells
are sensitive to disulfiram, but not TMZ (Triscott et al., 2015).
Choi et al. showed that disulfiram crosses the BBB in mice and
inhibits atypical teratoid rhabdoid tumors (Choi et al., 2015).
Paranjpe et al. reported that disulfiram can increase cell killing
by decreasing MGMT expression in xenograft models (Paranjpe
et al,, 2014). Collectively, these studies suggest that disulfiram
should be considered for the treatment of GBM.

The antineoplastic property of disulfiram may be due to
several mechanisms. As the most established pathway affected
by disulfiram is the ALDH enzyme, ALDH has been shown
to be upregulated in tumor cells with enhanced tumor
growth in xenografts as well as resistance to chemotherapies
(Triscott et al., 2015) (Figure 1). Furthermore, disulfiram inhibits
the proteasome and NF-kB pathways (Triscott et al, 2015).
Disulfiram is pharmacokinetically converted into a smaller
metabolite called diethyldithiocarbamate (DTC), which chelates
with copper or zinc ions (Chen et al., 2006; Lun et al., 2016). The
complexes formed can suppress proteasome activity and increase
oxygen free radicals. Indeed, some studies have shown that
combining disulfiram with copper can increase cytotoxicity in
cancer cells in vitro and in vivo. A very recent study demonstrated
reduction of tumor volume in mice treated with disulfiram
with copper gluconate as compared to disulfiram alone. The
chelation product after disulfiram ingestion, the DTC-copper
complex, was hypothesized to bind NPL4, and subsequently
inhibit the p97 pathway, thus resulting in cell death (Skrott
et al., 2017) (Figure 1). However, a similar effect was observed
in normal cells, suggesting that identifying a therapeutic window
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is essential when using disulfiram. In addition, Choi et al.
cautioned that there are potential side-effects when ingesting too
much copper and zinc, again suggesting that a careful dosing
strategy is needed when using disulfiram and copper and zinc
(Choi et al., 2015).

Disulfiram inhibits cancer stem cells in lung cancer, breast
cancer, ovarian cancer, pancreatic cancer, and blood cancers.
Importantly, disulfiram is able to penetrate the BBB, favoring
its use in treating brain tumors. Despite having an already
established safe therapeutic index, many ongoing studies are
investigating a dosing schedule and chemotherapy combination
that will deliver the maximum effects in tumor cells (Triscott
et al, 2012). These findings suggest the potential role of
disulfiram to be repurposed for use in GBM, and potentially in
pediatric brain tumors in the future.

NON-PSYCHIATRIC DRUGS

In addition to drugs used in psychiatry, which have favorable
brain exposures for treating GBM and other brain cancers,
several groups have focused on repurposing FDA approved
compounds not used in psychiatry. However, the challenge here
is to determine the efficacy of these compounds in reducing
tumor growth in the brain. For many of these compounds,
the brain exposure profiles and the pharmacokinetics properties
have not been determined. Therefore, considerable efforts
are needed to determine whether combination therapies of
these repurposed compounds with the current standard-of-
care will either facilitate or inhibit BBB penetrance of these
compounds.

Mebendazole

A microtubule inhibitor, mebendazole is an FDA-approved
antihelmintic drug. The ability of mebendazole to form different
polymorphs (A, B, and C) depends on the crystallization
conditions. Polymorph A does not penetrate the BBB as
efficiently as polymorphs B and C (Table 1) (Bai et al., 2015).
Mebendazole generally has a benign safety profile, although it has
been shown to cause bone marrow suppression and liver toxicity
at higher doses (De Witt et al., 2017).

Mebendazole can exhibit anti-tumor effects by inhibiting
protein kinases. It is unknown whether the cell death observed
in tumor cells treated with mebendazole is also mediated by
the microtubule destabilizing effect. It was demonstrated by De
Witt et al. that mebendazole inhibits microtubule polymerization
and induces metaphase arrest, very similar to the mechanism
of action of another microtubule inhibitor, vincristine (De Witt
et al., 2017) (Figure 1). Furthermore, mebendazole polymorph
C shows a survival benefit in a model of C57BL/6 mice bearing
GL261 cells (Bai et al., 2011, 2015; De Witt et al., 2017). Although
the authors observed increased survival with 100 mg/kg of
administered mebendazole as compared to 50 mg/kg, it is close
to the maximum tolerated dose and may not be achievable in
humans. However, due to the efficacy of mebendazole in tumor
suppression, it was recommended that mebendazole replaces
vincristine in neuro-oncology management.

Vincristine

From the family of vinca alkaloids, vincristine binds to f-tubulin,
and inhibits microtubule polymerization, thereby inhibiting the
formation of the mitotic spindle during cell division (M-phase
arrest) (De Witt et al., 2017) (Figure 1).

In contrast to mebendazole, vincristine cannot penetrate the
BBB well due to its large molecular size (825 Da) and its
tendency to be transported (De Witt et al., 2017). Vincristine is
currently used in the treatment of 1p/19q co-deleted anaplastic
oligodendroglioma and low-grade glioma when combined with
procarbazine and lomustine (CCNU) (De Witt et al.,, 2017).
Although vincristine has been used in brain tumor management,
the poor BBB penetrance and its significant side effects remain
the biggest concern. Importantly, De Witt et al. demonstrated
that at the same dose as mebendazole, vincristine failed to
improve survival in vivo (De Witt et al., 2017).

The beneficial effect of a combination of two microtubule
inhibitors in patients is questionable. Although the combination
of vinblastine and mebendazole was shown to improve the
sensitivity of resistant glioma cells to TMZ (Kipper et al., 2017),
mebendazole and vincristine co-administration exacerbates
peripheral neuropathy side effects in vivo. Hence, more research
needs to be done to determine how to utilize similar combination
therapies while minimizing toxicities.

Clomifene

Clomifene is commonly used as a selective estrogen
modulator in the treatment of female infertility
anovulation, such as polycystic ovarian syndrome (PCOS)
(Zheng et al, 2017). It is also used off-label for treating
hypogonadism in men (Zheng et al, 2017). It acts as an
antagonist at estrogen receptors in the hypothalamus and
thus prevents normal feedback inhibition, which subsequently
increases release of Luteinizing Hormone (LH) and Follicle-
Stimulating Hormone (FSH) from the anterior pituitary gland,
leading to ovulation.

By utilizing structure-based virtual ligand
Zheng et al. identified clomifene as an inhibitor of mutant
isocitrate dehydrogenases (IDH) 1, which is essential for
tumorigenesis in multiple cancers (Zheng et al.,, 2017). They
demonstrated that mutant IDH1 was selectively inhibited by
clomifene, thus reducing the accumulation of downstream D-
2-hydroxyglutaricacid (D-2HG) (Zheng et al., 2017) (Figure 1).
D-2HG drives carcinogenesis by inhibiting histone demethylases
and this increases global methylation of histones and DNA
(Zheng et al, 2017). The administration of clomifene also
increases apoptosis of glioma cancer cells with IDH1 mutations
in vitro and in vivo, without causing any side effects of
hepatotoxicity or nephrotoxicity (Zheng et al., 2017). An earlier
study by Yaz et al. also showed the cytotoxic effect of clomifene
on glioma cells in vitro (Yaz et al., 2004). Furthermore, mutant
IDHI1-mediated H3K9me3 levels were decreased in mouse
xenografts after treatment of clomifene.

receptor
due to

screening,

Biguanides (Metformin and Phenformin)
Metformin is an oral drug belonging to the cationic biguanide
class, which is a first-line medication in the treatment of Type II
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diabetes mellitus (TIIDM). It is a readily available, inexpensive,
and safe drug (Molenaar et al., 2017). Phenformin is a lipophilic
analog of metformin, which is also used in TIIDM management.
However, phenformin was withdrawn from TIIDM treatment
by the FDA and European Medicines Agency (EMA) in the
1970s because of its lactic acidosis side effect (Molenaar et al.,
2017). Although the exact mechanism is unknown, metformin
is believed to inhibit gluconeogenesis, increase glycolysis, and
increase insulin sensitivity by promoting peripheral glucose
uptake. Interestingly, metformin was correlated to cancer
prevention and thus is of interest in drug repositioning for cancer
treatment (Adeberg et al., 2015; Seliger et al., 2016).

Biguanides were shown to demonstrate anti-gliomagenic
properties by inhibiting GBM cell proliferation, decreasing
migration, inducing apoptosis, decreasing angiogenesis, reducing
TMZ resistance, reducing self-renewal, and inhibiting stemness
of GSCs (Ferla et al., 2012; Ucbek et al., 2014; Elmaci and Altinoz,
2016; Jiang et al., 2016; Yang et al., 2016).

Biguanides also induce tumor regression and prolong survival
in xenograft models. Several mechanisms have been postulated
as to why biguanides exhibit anti-tumor characteristics.
Biguanides inhibit complex I of the electron transport chain in
the mitochondria of cells and cause accumulation of AMP levels
(Figure 1). This in turn upregulates LKB1-5-AMP-activated
protein kinase (LKB1-AMPK) and subsequently inhibits the
mammalian target of rapamycin complex 1 (mTORC1) (Kast
et al.,, 2011; Aldea et al, 2014). As mTORCI, a key signal for
tumorigenesis, is reduced, cancer cell growth also decreases.
Intracellular mitochondrial-dependent ATP production is
switched to glycolytic ATP production with more lactate
production (Sesen et al., 2015). AMPK activation also directly
reduces insulin and insulin-like growth factor-1 (IGF-1), which
normally stimulate cell growth (Elmaci and Altinoz, 2016). In
addition, biguanides also inhibit AMPK and signal transducer
and activator of transcription 3 (STAT3) pathways (Ferla et al.,
2012).

Interestingly, biguanides modulate microRNAs (miRNAs)
that regulate the posttranslational gene expression of cells (Jiang
et al., 2016). These miRNAs are critical for energy metabolic
pathways, cell cycle, and stemness. For instance, phenformin
increases expression of miR-124 and let-7, which are essential for
self-renewal of GSC (Jiang et al., 2016) (Figure 1). Biguanides can
increase the bioavailability of let-7 when its binding partner H19
is downregulated, and thus enhancing the inhibitory effect of let-
7 on the oncogene HMGA2 (Lee and Dutta, 2007; Jiang et al.,
2016). Biguanides inhibit glutamate dehydrogenase and reduce
glutaminolysis and the production of oncometabolite D-2-HG in
IDH1/2 mutated glioma (Molenaar et al., 2017). Finally, Gritti
et al. demonstrated that metformin can selectively target chloride
intracellular channel-1 (CLIC1) in GBM and this inhibition leads
to G1 arrest of GSCs. Importantly, the multiple pathways targeted
by biguanides make them especially promising candidates for
repurposing for the treatment of heterogeneous tumors such as
GBM.

Similar to clomifene, metformin when combined with
chloroquine can also reduce IDHI-mutated glioma tumors in
clinical trials. In vivo studies have demonstrated that metformin

and chloroquine can pass through the BBB appreciably. However,
high levels of metformin efflux transporters have been reported
in glioma and this raises concerns regarding the intratumoral
bioavailability of metformin (Molenaar et al., 2017). Molenaar
et al. thus proposed to use phenformin instead because
phenformin is lipid-soluble and does not depend on transporters
to enter cells.

Repaglinide

Repaglinide is a non-sulfonylurea insulin secretagogue belonging
to the family of meglitinide that was invented in 1983. It
is an oral medication used in addition to diet and exercise
to control postprandial glucose excursions for the treatment
of TIIDM. It promotes the early release of insulin from the
pancreas beta-islet cells by closing ATP-dependent potassium
channels in the membrane of beta cells (Xiao et al., 2017). This
results in depolarization and calcium influx to induce insulin
secretion.

Repaglinide has been reported to kill hepatic, breast, and
cervical carcinoma cells (Xiao et al, 2017). Xiao et al. first
identified repaglinide as a potential candidate in GBM and
verified that in vitro and in vivo. Other than its ability to
inhibit proliferation and migration of GBM cells in vitro, GBM-
bearing mice treated with repaglinide also survive longer (Xiao
et al., 2017). The authors postulated the effects seen were via
inducing apoptosis, repressing autophagy, or immune-activation.
This was thought to be achieved via downregulation of the
mitochondria-mediated anti-apoptotic protein Bcl-2, as well as
engagement of the Beclin-1 and PD-1/PD-L1 immune pathway
(Figure 1).

Cyclin-Dependent Kinase Inhibitors (CKls)
Cyclin-dependent kinases (CDKs) are important checkpoint
regulators in the cell cycle. In GBM cells as in most
proliferating cells, CKIs arrest cells in S phase and at the
G2/M transition. Importantly, CDK4/6 inhibitors have been
approved for the treatment of breast cancer and thus there
is considerable potential to repurpose this class of drugs
(de Groot et al., 2017).

Flavopiridol, a first generation CKI, has cytotoxic effects
on GBM cells (Cobanoglu et al., 2016). It also enhances the
anti-tumorigenesis effect of TMZ in GBM cells by inhibiting
DNA repair activity at the G2M transition. However, first
generation CKIs are disfavored because of their low specificity.
Roscovitine, milciclib, palbociclib, purvalanol A, and dinaciclib
are some of the examples of second-generation CKIs developed
later (Table 1). Jane et al. demonstrated that dinaciclib, which
selectively inhibits CDK1, CDK2, CDK5, and CDKO9, can reduce
GBM cell proliferation independent of p53 status (Jane et al.,
2016). Palblociclib, a CDK4/6 inhibitor, can also inhibit the cell
cycle in GBM by inhibiting Rb1 phosphorylation (Lubanska and
Porter, 2017). When combined with TMZ and radiotherapy, the
brain penetrant CKIs abemaciclib and pablociclib show a GBM
tumor suppressing effect. Although these CKIs show promising
results in pre-clinical studies, most of them fail to make it
into clinical trials, possibly due to their limited therapeutic
window.
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Interestingly, recent studies have looked into the non-
canonical binding partners of CDKs which are usually not
inhibited by CKIs. It is hypothesized that these non-canonical
binding partners can continue activating CDKs in the presence
of CKIs. Some of the binding partners described are SpylAl,
p35, and p39 protein (Lubanska and Porter, 2017). Lubanska and
his team investigated the inhibition of SpylAl protein in brain
tumor initiating cells as a potential target in GBM (Lubanska and
Porter, 2017). Pre-clinical studies using BTICs have shown that
Spyl inhibition reduces cell proliferation and regulates stemness
of cells (Lubanska et al., 2014).

EGFR Inhibitors

EGFR is a transmembrane glycoprotein with a molecular
weight of 170 kDa. When EGEFR is bound to a ligand, it can
activate downstream pathways such as PI3K/Akt, mTOR, or
Ras/Raf/MAPK, and stimulate GBM progression, angiogenesis,
and invasion.

EGFR is overexpressed, amplified, or mutated in GBM (Clarke
et al., 2013; Miranda et al., 2017). EGFR variant III (EGFRVIII),
which is a truncated yet constitutively active form of EGFR,
is present in 20-30% of glioblastoma tumors. This variant is
the result of deletion of 267 amino acids in its extracellular
domain. EGFRVIII is thought to stimulate proliferation of GBM
by PKA-dependent phosphorylation of Dock180 (Miranda et al.,
2017). However, multiple attempts to inhibit this pathway in
glioblastoma using EGFR tyrosine-kinase inhibitors (TKIs) and
naked monoclonal antibodies (mAbs) have not been successful.
Some of the TKIs that are used in glioma studies are erlotinib and
gefitinib; and the mAbs utilized are nimotuzumab and cetuximab.
However, whether this is a pharmacodynamic failure (the drug
is not effective against glioblastoma cells) or a pharmacokinetic
failure (the drug is unable to achieve a therapeutic level in
the tumor due to the BBB) is still unclear. Immunotoxins, a
group of antibody-drug conjugates (ADCs) have been generated
to overcome drug delivery issues. An antibody targeting EGFR
is conjugated to a linker and a cytotoxic payload (this can be
drug, bacterial toxin, or radioactive isotope). ADCs recognize
cell surface receptors, get internalized into the cytoplasm,
transported to lysosomes for degradation, and subsequently
release their payload. Studies have shown that ADCs can deliver
higher concentrations of drugs to the tumor tissues, as compared
to systemic administration of drug alone. ADCs have been shown
to be effective in inhibiting glioblastoma growth in vivo.

In the past 3 years, ADCs have been used in clinical trials
for glioma, namely ABT-414 and AMG-595 (Gan et al., 2017).
ABT-414 is an ADC that is comprised of an anti-EGFR antibody
conjugated to monomethyl auristatin F (MMAF), an inhibitor
of tubulin assembly. Although it only penetrates BBB partially,
it is hypothesized that this ADC can overcome resistance of
GBM cells. A Phase 1 study showed that ABT-414 is safe
and pharmacokinetically acceptable in newly diagnosed and
recurrent GBM patients. Although most patients developed
ocular toxicity, they are treated with corticosteroids and respond
well to this treatment (Gan et al., 2017). Therefore, ADC therapy
is an exciting promising avenue for the treatment of GBM and
other gliomas.

Statins

HMG-CoA (B-hydroxy-p-methylglutaryl coenzyme A) reductase
inhibitors, or statins, are the most widely used lipid-lowering
agents in the clinic. Among the commonly used statins are
lovastatin, pravastatin, rosuvastatin, and simvastatin. These
inhibit the conversion of HMG-CoA to mevalonate, a cholesterol
precursor, and reduce mortality of a large number of patients with
cardiovascular diseases (Table 1). The reduction of mevalonate
also reduces farnesyl pyrophosphate (FPP) or geranylgeranyl
pyrophosphate (GGPP), and the subsequent post-translational
isoprenylation of GTP-binding protein including Ras, Rac, and
Rho. These proteins are important for cell proliferation and are
often mutated or amplified in several cancers including glioma.

Gais et al. in 2014 and Bhavsar et al. in 2016 have
epidemiologically studied the pleiotropic effect of pre-operative
use of statins on the prognosis of GBM patients (Gaist et al.,
2014; Bhavsar et al,, 2016). Possibly due to the differences
in study design, they have generated mixed results (Lu and
McDonald, 2017). Nevertheless, several experimental studies
have shown the considerable cytotoxic activities of statins in
GBM in time- and dose-dependent manners (Yanae et al., 2011).
Multiple mechanisms of these statins in inhibiting GBM are:
1. TNF-related apoptosis-inducing ligand (TRAIL)-sensitizing
effect; 2. an increase in expression of pro-apoptotic protein
Bim; 3. reduction of the MAPK-dependent pathway and GTPase
activation; 4. suppression of extracellular regulated kinase 1/2
(ERK1/2) and Ras/PI3K/Akt pathway; and 5. activation of c-
Jun N-terminal kinase 1/2 (JNK1/2) (Tapia-Perez et al., 2011;
Yanae et al., 2011) (Figure 1). However, a higher dose of statins
is usually needed to achieve a therapeutic benefit, which may be
accompanied with increased toxicity.

TARGETING CELL DEATH PATHWAYS IN
GLIOBLASTOMA

A major goal of repurposing FDA approved compounds for
GBM is to identify drugs that are cytotoxic rather than
cytostatic in GBM as the ultimate goal of therapy is to
eliminate remaining cancer cells after standard treatment.
However, the molecular pathways controlling cell death in
GBM are not completely understood. Apoptosis is a well-
studied programmed cell death (PCD) pathway (Valdes-Rives
et al., 2017). This intricate, tightly regulated, cellular process is
widely considered to be a fundamental component of numerous
processes including turnover in normal cells. Many anti-GBM
therapies take advantage of PCD pathways, for instance to induce
apoptosis in GBM cells, by the employment of drug treatments,
chemotherapeutic agents and radiotherapy strategies. Most of the
drugs repurposed for GBM treatment as discussed earlier can
induce apoptosis in GBM cells. Escape from apoptosis is also one
of the hallmarks of carcinogenesis, including the progression of
GBM (Wong, 2011).

One of the major causes for GBM tumor expansion is the
inability of the treated cells to undergo apoptosis. Nonetheless
many players of the apoptotic cascades are present in GBM cells
and can be modulated therapeutically. Furthermore, if GBM
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cells can regain susceptibility to apoptosis through effective
intervening therapies, a significant improvement in treatment
success will be achieved. Further elucidating the oncogenic
forces that are driving resistance to apoptosis and how to target
them in GBM could provide interesting insights and open
doors to future investigations on how to overcome cell death
resistance.

Numerous components are part of apoptosis signaling but
a family of conserved cysteine-dependent aspartate-directed
proteases known as caspases, are the central module initiating
and facilitating the apoptosis-signaling cascade (Elmore, 2007).
There are two distinct functional groups of caspases that are
essential for carrying out apoptosis: initiator caspases (caspase
2, 8,9, and 10) and executioner caspases (caspase 3, 6, and 7)
(Elmore, 2007). Initially, caspases are expressed in the inactive
form, but are rapidly cleaved and sequentially activated in
the presence of extrinsic death receptor activation and other
intrinsic apoptotic stimuli (Elmore, 2007). Canonically, initiator
caspases are subjected to auto-proteolytic cleavage whereas
executioner caspases are cleaved by initiator caspases (Howley
and Fearnhead, 2008). The cleavage and activation of initiator
caspases results in the stimulation of the cleavage and activation
of several executioner caspases. Executioner caspases have been
implicated in the degradation of over 600 cellular components
that are necessary to induce the morphological changes that
underlie apoptosis (Sollberger et al., 2014). This highly ordered
proteolysis allows for an amplifying cascade for the degradation
of cellular components and a minimization of immune response
during apoptosis.

Several apoptotic pathway components are dysregulated
in GBM. Prominent examples of these include inactivating
mutations or altered expression of specific proteins or their
downstream signals. These include p53, inhibitor of apoptosis
proteins (IAPs), and the B-cell lymphoma (BCL-2) family of
proteins (Fels et al., 2000; Lytle et al., 2005; Nagpal et al., 2006;
Ziegler et al., 2008; Berger et al., 2010; Liwak et al., 2013; Yang
et al.,, 2014; Daniele et al., 2015; Wang et al., 2016).

The tumor suppressing gene, p53, plays a critical role in
regulating the response mechanisms of DNA damage through
apoptosis and cell cycle signaling. Likewise, p53 alteration
has an effect in a vast number of cancers, including GBM
(Nagpal et al, 2006). p53 is regulated by murine double
minute (MDM) 2 and 4, which inhibit p53 stability or activity.
Following DNA damage, p53 is activated and induces the
transcription of response genes such as p21“P!, a negative
regulator of the cell cycle, or BCL-2-like protein 4 (BAX), a
mediator of apoptosis (Essmann and Schulze-Osthoff, 2012). In
addition to its regulation through transcriptional activity, p53
also can promote apoptosis through transcription-independent
mechanisms and direct interactions with members of the BCL-
2 and the caspase family of proteins (Essmann and Schulze-
Osthoft, 2012). In a comprehensive genomic study by The
Cancer Genome Atlas (TCGA) Research Network, human
GBM genes and associated pathways were characterized. This
study revealed that p53 signaling was altered in 87% of all
GBM patients by mutations in at least one component of
the pathway (Biasoli et al., 2014). Some examples of drugs

that target p53 reactivation are Nutlins, benzodiazepinediones,
spiro-oxindoles, RITA (Reactivation of p53 and induction of
tumor cell apoptosis), and Serdemetan (Yu et al., 2014). Given
the importance of the p53 pathway in the regulation of
apoptosis in human GBM and many other cancers, several
efforts have been made to develop both pharmacological
and biological therapeutics targeting this pathway. However,
due to delivery, selectivity, and toxicity problems, many of
these therapies fail in development and clinical trials. Hence,
repurposing FDA approved drugs that target p53 directly or
indirectly for use in GBM treatment may have therapeutic
potential.

IAPs are cellular checkpoints that can inhibit pro-apoptotic
caspase signaling. Additionally, IAPs have been found to
modulate cell invasion and metastasis in GBM and several
cancers. All IAPs contain a Baculovirus Inhibitor of apoptosis
protein Repeat (BIR) domain and are commonly termed BIRCs.
The IAP family consists of six primary members: NLR family
Apoptosis Inhibitory Protein (NAIP or BIRC1), Cellular IAP
(CIAP 1 and 2 or BIRC2 and 3), X-linked IAP (XIAP or
BIRC4), Survivin (BIRC5), and BIR repeat-containing ubiquitin-
conjugating enzyme (BRUCE or BIRC6) (Hunter et al.,, 2007;
Owens et al., 2013). BIRC4 is the only IAP that directly
associates with caspases. It has been shown to bind with high
affinity to executioner caspase 3 and 7, in addition to initiator
caspase 9, in turn inhibiting apoptotic function. All other IAPs
do not bind to caspases directly. A leading model suggests
that apoptosis inhibition is achieved by forming complexes
with other partners such as BIRC4 (Silke and Meier, 2013).
Several compounds have been shown to cause degradation of
IAPs including the Smac mimetic, SM-164, small molecule
inhibitors of BIRC4, Arylsulfonamides and Embelin, and a
small molecule inhibitor of BIRC5, YM155 (Owens et al.,
2013). A comprehensive list of IAP inhibitors can be found in
Owens et al. (2013). Inhibition of IAPs has been implicated
in both inducing apoptosis directly but also sensitizing cells to
radiation and chemotherapy treatment (Rathore et al., 2017).
Repurposing drugs that target this family of proteins may
be a promising strategy in treating GBM but may also have
synergistic potential when used in combination with other
treatments.

The BCL-2 protein family has a key role in tightly regulating
the mitochondrial pathway of apoptosis. Members in this
family functionally promote or inhibit apoptosis. All proteins
in this family share at least one of four BCL-2 homology
(BH) domains (Wang et al, 1996). The proteins that have
anti-apoptotic functions contain both BH1 and BH2 domains
(BCL-2 and BCL-X) while the proteins that exhibit pro-
apoptotic functions widely lack sequence homology to the
family, but contain the BH3 domain only (BAX, BAK, BID,
BAD) (Wang et al., 1996). Anti-apoptotic signaling is achieved
either by sequestering caspases or by preventing the release of
mitochondrial apoptosis driving factors that activate caspases,
such as cytochrome ¢ and apoptosis-inducing factor (AIF),
into the cytoplasm. By contrast, pro-apoptotic BCL-2 members,
trigger the release of caspases from death antagonists and act
on the mitochondrial permeability transition pore to induce
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the release of pro-apoptotic mitochondrial factors into the
cytoplasm. In patients with GBM, expression of anti-apoptotic
BCL-2 proteins is increased, which may contribute to apoptotic
resistance and relapse that is commonly observed (Fels et al.,
2000; Martin et al., 2001). A few examples of drugs that
inhibit BCL-2 family of proteins that have been used in cancer
treatment are Venetoclax, Servier-1, and Disarib. Regulating the
homeostasis of anti and pro-apoptotic BCL-2 family proteins
may be a worthwhile strategy in combatting GBM. Repurposing
drugs that target activation of BH3 domain only BCL-2 proteins
could be used to induce apoptosis in GBM. Importantly,
repositioning drugs inhibiting the function of anti-apoptotic
BCL-2 proteins could restore sensitivity of some apoptotic-
inducing treatments of GBM.

Necroptosis is a caspase-independent, pro-inflammatory form
of PCD that can also be pharamacologically targeted in GBM
(Jiang et al., 2011). Morphologically, necroptosis shares similar
features to necrosis such as loss of plasma membrane integrity.
However, cellular membrane permeabilization induced by
necroptosis signaling is tightly regulated. Necroptosis induction
begins with activation of the tumor necrosis factor (TNF) family
of cytokines or TRAIL (Vanden Berghe et al., 2010). These
stimuli are known to also regulate cell survival and apoptosis
induction. The activated receptor then interacts with Receptor-
interacting serine/threonine-protein kinase (RIPK) 1 and recruits
IAPs such as BIRC2 and 3 (Christofferson and Yuan, 2010).
This results in the formation of a membrane associated complex
that leads to cell survival through NF-«kB and mitogen-activated
protein kinases (MAPKs) pathways. When IAPs are inhibited,
RIPK1 is rapidly deubiquinated by cylindromatosis lysine 63
deubiquinase (CYLD) and disassociated from the membrane
bound complex (Christofferson and Yuan, 2010). The free
RIPK1 binds to the adaptor protein Fas-associated protein with
death domain (FADD) and caspase 8, which in turn activates
caspase 8 and induces apoptosis. In addition, active caspase 8
dynamically inhibits necroptosis by cleaving its core regulators,
RIPK1 and RIPK3. In the event that caspase activity is inhibited,
necroptosis is executed. RIPK1 binds with RIPK3 to form
an insoluble amyloid complex known as the necrosome. The
formation of the necrosome promotes autophosphorylation of
RIPK3, which then recruits and phosphorylates the pseudo-
kinase, mixed lineage like kinase (MLKL). Phosphorylated MLKL
oligomerizes and is inserted in to the membrane to form a pore,
leading to necroptosis by the loss of plasma and intracellular
membrane integrity (Christofferson and Yuan, 2010; Vanden
Berghe et al,, 2010; Geng et al., 2017). Necroptosis initiation is
often viewed as a backup mode to ensure cell death execution,
but emerging evidence suggest that necroptosis may act as a
primary cell death mode under certain pathological conditions.
Recent reports suggest that under conditions where apoptosis
is inhibited, apoptosis inducing drugs, such as IAP and BCL-2
inhibitors, can induce necroptosis in cancer cells (Su et al., 2016).
Targeting this novel cell death pathway may have therapeutic
potential in apoptosis-resistant GBM cells (Jiang et al., 2011).
Repurposing drugs that activate necroptosis may not only
be used as an effective primary treatment but could also be

used in combination with other therapies after drug-resistance
develops.

Autophagy is a catabolic process in which cells induce
lysosomal degradation of cellular components. It is a
highly-conserved pathway that has a pivotal role in cell
stress response such as nutrient starvation, DNA damage, and
organelle damage (Glick et al., 2010). Autophagy is regulated
primarily by a large number of proteins, from a family identified
in yeast known as autophagy related genes (ATGs) (Glick et al.,
2010). mTOR signaling is also a central regulator of autophagy
(Dunlop and Tee, 2014). Activation of mTOR by AKT and
MAPK signaling suppresses autophagy signaling, while mTOR
inhibition by the negative regulators AMPK and p53 drives
the process forward (Jung et al., 2010). Mammalian kinase
orthologs of ATG1, UNC-51-like kinase (ULK) 1, 2, and 3
initiate autophagy downstream of mTOR. ULK 1 and 2 form
a large complex with mATG13, FIP200, and a PI3K Class III
complex, which contains the proteins Beclin-1, hVps34, p150,
and ATGI14 (Itakura and Mizushima, 2010). This complex
eventually promotes invagination of the membrane, which
leads to the formation of the autophagosome and subsequent
execution of autophagy by fusion of the autophagosome with
the lysosome by the Atg5-Atgl2 and the microtubule-associated
protein 1 light chain 3 (LC3) pathway (Jiang and Mizushima,
2014).

Autophagy has garnered much attention in the cancer field
and is widely being evaluated for its potential in GBM therapy.
Lefranc et al. demonstrated that glioma therapies are more
likely to be successful by inducing autophagy rather than
apoptosis, as two potent cytotoxic drugs, TMZ and rapamycin,
induce autophagy (Lefranc and Kiss, 2006). Furthermore, several
reports indicated that Atg5 and LC3 loss of function promotes
glioblastoma progression (Lefranc and Kiss, 2006). Autophagy
certainly plays a role in inhibiting tumor growth progression and
metastasis. Yet the role of autophagy causing cell death directly
in contrast to occurring in parallel to PCD needs to be further
elucidated. It has been shown to function as a tumor suppressor
as well as to play a role in tumor cell survival (Yonekawa and
Thorburn, 2013). It is important to note that cells undergoing
autophagy are found in high numbers under certain conditions
such as nutrient starvation induced PCD, but autophagy in this
context is not considered to be a PCD pathway because inhibition
of autophagy attenuates cell death rather than inhibiting it
(Tsujimoto and Shimizu, 2005; Gozuacik and Kimchi, 2007). In
parallel, it has been shown that hyper-activation of autophagy can
indeed lead to PCD that is morphologically distinct from other
PCD pathways, termed autophagic cell death (Tsujimoto and
Shimizu, 2005). Autophagy and apoptotic pathways substantially
interact; the two processes both negatively and positively regulate
each other (Ryter et al,, 2014). For example, many apoptosis
inducing signals, such as TNE TRAIL, and FADD, also induce
autophagy (Das et al., 2012).

Therefore, identifying FDA approved compounds that
modulate these components in GBM may be especially attractive
since this will increase the chances of eliminating GBM cells
within tumor cells.
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COMPUTATIONAL AND DATA-DRIVEN
APPROACHES TO IDENTIFY DRUGS WITH
EFFICACY IN GLIOBLASTOMA

Various computational and data-driven methods are applicable
for the systematic identification and prioritization of candidate
drugs for repurposing in glioblastoma. Such in-silico methods
can be based on known GBM targets or pathways or entirely
data-driven without requiring knowledge on the mechanism of
action. In the former case, the goal is to identify drugs that
target specific pathways or proteins relevant in GBM or, inversely,
identify such targets among approved drugs. Computational
target prediction can broadly be classified into ligand- and
structure-based methods. Ligand-based in silico target screening
aims to predict biological targets based on the chemical structure
of the drug (Jenkins et al., 2007). This approach leverages large
bioactivity databases including public resources such as ChEMBL
(Bento et al., 2014) and PubChem (Wang et al., 2017a) or
licensed databases such as the KKB (Sharma et al., 2016) in
combination with machine learning (Nidhi et al., 2006; Schurer
and Muskal, 2013; Bento et al., 2014) or statistical scoring (Keiser
et al, 2009). As in many other areas deep learning has recently
received a lot of attention (Gawehn et al., 2016). Structure-
based approaches make use of the ever-increasing corpus of
experimentally determined protein structures or computational
protein structure models using docking (Lauro et al., 2011)
or binding site similarity predictions at the genome-wide scale
(Hwang et al.,, 2017). Cheminformatics ligand- and structure-
based repositioning approaches are well established and have also
been extensively reviewed for drug repositioning, for example
recently by March-Vila et al. (2017). Importantly, several well
annotated databases of approved drugs and compounds in
clinical trials are publicly available including ChEMBL (Bento
et al., 2014), DrugBank (Wishart et al., 2006), and DrugCentral
(Ursu et al., 2017).

In contrast to mechanism- or target-based drug repurposing,
system-wide perturbation response signatures can be used
to identify repurposing opportunities without bias for
specific targets or pathways. One of the most systematic
and comprehensive of such data-driven approaches is the
Connectivity Map (CMap) project, which is based on gene
expression signatures (Lamb et al., 2006). Initially covering 164
drugs and a few cell lines, it has recently been scaled by more
than 1,000-fold using the L1000 reduced representation high
throughput gene expression profiling platform (Subramanian
etal., 2017). These data have been generated as part of the Library
of Integrated Network-based Cellular Signatures (LINCS) project
along with several other cellular perturbation response signatures
and computational tools (Keenan et al., 2017). LINCS has been
developing a larger-scale integrated approach to data curation,
with baseline gene expression signatures for 99 cell lines and
transcriptional profile responses to over 30,000 perturbations
and many other datasets. To ensure validity and consistency, as
well as to allow comparison across cell lines and perturbations
for different datasets, the data in the LINCS database were
collected and processed in a highly standardized and coordinated
manner enabling integrated analysis of drug action (Vempati
et al., 2014; Vidovic et al., 2014). LINCS datasets are available in

different data-type specific repositories and via the LINCS Data
Portal (Koleti et al., 2017).

Using LINCS data in a recent study, the ability to
predict novel drug repositioning candidates based on several
perturbational features was assessed in four cancer types,
including glioblastoma. Reference expression profiles for GBM
tissue and controls were downloaded from TCGA and a list
of known drugs in glioblastoma was compiled from public
databases. For these compounds, different signature types were
generated based on chemical structure, targets, and gene-
expression data. Classifiers were constructed for each signature
type as well as combinations and evaluated by cross validation,
comparison against data NCI-60 data, and cell viability screening.
The gene expression-based signatures gave the best predictions
for anti-cancer hits (Lee H. et al., 2016). This study highlights the
utility of data-driven approaches to identify potential drugs based
on transcriptional responses to drug treatments.

To address the considerable variability in efficacy of targeted
cancer drugs for individual patients, Armetov et al. used gene
expression signatures of individual tumor samples and predicted
a drug score based on signaling pathway activation analysis
(OncoFinder algorithm). They tested the approach for five drugs
in seven cancer types and reported significant correlation of
responders to drug treatment and the percent of tumors showing
high drug scores (Artemov et al., 2015).

Beyond the use of individual approaches for drug
repositioning, such as gene expression, target predictions,
or pathway analyses, integrative “multi-scale” methods in
computational pharmacology that integrate multiple resources
and data types can enable the discovery of novel associations
of drugs and diseases; such data types can include drug
target interaction data, gene expression data, phenotypic drug
screening data, drug side effects, and electronic health records
(Hodos et al., 2016).

Recently, researchers at the Broad Institute have established
the Drug Repurposing Hub, which is a database of 4,707
compounds, including 1,988 launched drugs and 1,348
compounds that have reached clinical trial Phase 1-3 (Corsello
et al,, 2017). It is a highly curated resource, integrating various
information including detailed target annotations, mode of
action, disease indications, and commercial availability for a very
comprehensive list of approved drugs and clinical compounds.
The compounds were carefully curated and annotated including
chemical structures, purity, mechanisms of action based on
several databases and literature curation, their approved
indications and clinical trial status, as well as supplier IDs for
commercial sources. A well designed graphical user interface
allows querying this information (https://clue.io/repurposing).

The interactions among fundamental molecular entities and
processes involving genes, transcripts, proteins, metabolites
are tightly regulated to sustain a healthy biological system.
In a diseased state, this normally interconnected network is
disrupted by stressors and the aim of the therapy is to restore
the system to its normal state. As discussed in Lee et al,
gene expression data can be an excellent predictor of drug
repositioning efficacy (Lee H. et al, 2016). As sequencing
techniques improve and the availability of genomic data
increases, combined transcriptomes and multi-scale integrative
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methods in computational pharmacology improve predictions
of drug-disease associations and enable computational drugs
repurposing. One integrated effort to relate genes to diseases is
the Illuminating the Druggable Genome (IDG) project (https://
commonfund.nih.gov/idg/). A specific priority for IDG is to
identify understudied disease relevant targets. All IDG data and a
query interface are available via the Pharos Data Portal (Nguyen
etal., 2017).

Although these databases are important resources for
identifying single repurposed compounds in GBM, it is likely
essential to identify combinations of drugs for the treatment
of GBM. Advances in single cell sequencing allow the
characterization of sub-populations in individual GBM tumors
based on gene expression to identify small molecules that have
the greatest probability of affecting pathways common in all
malignant cells within a tumor (Patel et al., 2014). In addition
to intratumoral heterogeneity in GBM, there is also intertumoral
heterogeneity. Combinations of drugs with different mechanisms
of action are one approach to increase the success rate in
drug repurposing (Sun et al., 2016). This is particularly relevant
in heterogeneous cancers where clinical duration is often
limited due to emerging resistance. Computational approaches as
described above can be used to prioritize combination therapies;
either rationally based on known mechanism of action or data-
driven, for example using gene expression signatures. With the
knowledge of targets, it is also possible to rationally design
single-agent poly-pharmacology compounds (Allen et al., 2015).

To help identify patient-specific therapies we have previously
described a bioinformatics pipeline to identify genes and
pathways that are dysregulated in a particular GBM tumor
(Stathias et al., 2014). This was accomplished by first performing
RNA-sequencing of each GBM tumor and then using the
significant sequencing information in TCGA to increase
statistical power of the analyses. We found that by using
both a hypergeometric test and Pearson correlation, we can
identify networks dysregulated in each GBM tumor. Importantly,
we are currently integrating this approach with the LINCS
perturbation response gene expression signatures to identify
therapeutic combinations in GBM and other gliomas. Although
these computational approaches have not been validated in a
clinical setting, it is our ultimate hope that our in vitro and in
vivo studies will lead to patient specific drug combinations for
the treatment of GBM.

CONCLUSION

GBM is a deadly primary parenchymal central nervous system
neoplasm disease with very dismal prognosis. By bypassing
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Drug Repurposing of the
Anthelmintic Niclosamide to Treat
Multidrug-Resistant Leukemia

Sami Hamdoun, Philipp Jung and Thomas Efferth*

Department of Pharmaceutical Biology, Institute of Pharmacy and Biochemistry, Johannes Gutenberg University, Mainz,
Germany

Multidrug resistance, a major problem that leads to failure of anticancer chemotherapy,
requires the development of new drugs. Repurposing of established drugs is a promising
approach for overcoming this problem. An example of such drugs is niclosamide, a
known anthelmintic that is now known to be cytotoxic and cytostatic against cancer
cells. In this study, niclosamide showed varying activity against different cancer cell
lines. It revealed better activity against hematological cancer cell lines CCRF-CEM,
CEM/ADR5000, and RPMI-8226 compared to the solid tumor cell lines MDA-MB-231,
A549, and HT-29. The multidrug resistant CEM/ADR5000 cells were similar sensitive
as their sensitive counterpart CCRF-CEM (resistance ration: 1.24). Furthermore,
niclosamide caused elevations in reactive oxygen species and glutathione (GSH) levels in
leukemia cells. GSH synthetase (GS) was predicted as a target of niclosamide. Molecular
docking showed that niclosamide probably binds to the ATP-binding site of GS with a
binding energy of —9.40 kcal/mol. Using microscale thermophoresis, the binding affinity
between niclosamide and recombinant human GS was measured (binding constant:
5.64 pM). COMPARE analyses of the NCI microarray database for 60 cell lines showed
that several genes, including those involved in lipid metabolism, correlated with cellular
responsiveness to niclosamide. Hierarchical cluster analysis showed five major branches
with significant differences between sensitive and resistant cell lines (p = 8.66 x 10°).
Niclosamide significantly decreased nuclear factor of activated T-cells (NFAT) activity
as predicted by promoter binding motif analysis. In conclusion, niclosamide was
more active against hematological malignancies compared to solid tumors. The drug
was particularly active against the multidrug-resistant CEM/ADR5000 leukemia cells.
Inhibition of GSH synthesis and NFAT signaling were identified as relevant mechanisms
for the anticancer activity of niclosamide. Gene expression profiling predicted the
sensitivity or resistance of cancer cells to niclosamide.

Keywords: chemotherapy, pharmacogenomics, drug resistance, transcription factors, oxidative stress

Abbreviations: ABC, ATP-binding cassette; GS, glutathione synthetase; GSH, glutathione; MDR, multidrug resistance;
NFAT, nuclear factor of activated T-cells; Pgp, P-glycoprotein; ROS, reactive oxygen species.
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INTRODUCTION

Niclosamide, an anthelmintic drug that has been used for
about 50 years, is known to be safe and well tolerated.
Niclosamide has been identified as a potential anticancer agent
that exerts cytotoxic and cytostatic activity against a wide range of
cancer types, including leukemia, breast cancer, prostate cancer,
hepatocellular carcinoma, and glioblastoma. Additionally it has
shown anti-invasive and anti-migratory effects. Several signaling
pathways are inhibited by niclosamide in cancer cells including
the Wnt/B-catenin, mechanistic target of rapamycin complex 1
(mTORCI1), signal transducer and activator of transcription 3
(STAT3), nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB), and Notch pathways (Li et al., 2014).

Multidrug resistance (MDR) is a major problem in cancer
patients that leads to failure of chemotherapy. It affects most
cancers and is characterized by cross-resistance to a wide range of
commonly used chemotherapeutic drugs (Bartsevich and Juliano,
2000). Most cancers consist of a mixture of heterogeneous
malignant cells. Some of them are drug-sensitive and others are
drug-resistant. As a result, chemotherapeutic agents mostly kill
sensitive cells, but leave out a great proportion of resistant cell
populations. Therefore, recurrent tumors are frequently resistant
with fatal consequences for the patients (Housman et al., 2014).
Of the various mechanisms that contribute to MDR in cancer,
the increased efflux of drugs by the ATP-binding cassette (ABC)
transporters is the most encountered. The most important of
these transporters is P-glycoprotein (Pgp; Bellamy, 1996).

Elevated levels of reactive oxygen species (ROS) occur
in almost all types of cancer. They are involved in the
promotion of tumor development and progression (Storz,
2005). Cancer cells also express increased levels of antioxidants
to detoxify ROS. The process of ROS detoxification is
facilitated either through antioxidant enzymes, which scavenge
different types of ROS, or by non-enzymatic molecules.
Antioxidant enzymes include catalase, superoxide dismutase, and
peroxiredoxins. Non-enzymatic antioxidants include glutathione
(GSH), flavonoids, vitamins A, C, and E (Liou and Storz, 2010).
Treatment of cancer cells with vitamin E and vitamin C (ROS
scavengers) increased the expression of Pgp. This suggests that
Pgp-mediated MDR can be circumvented under conditions of
elevated ROS levels. One of the compounds that elevate ROS
levels in cancer cells is niclosamide. ROS generation plays an
important role in the anticancer activity of niclosamide in acute
myeloid leukemia and lung cancer cells (Wartenberg et al., 2005;
Jin et al.,, 2010; Lee et al., 2014).

The ultimate goal of drug development is to identify molecules
with the desired effect in the human body and to establish
its quality, safety, and efficacy for treating patients (Kraljevic
et al., 2004). Drug development, starting with the initial
discovery of a promising target to the final marketed medication,
is an expensive, lengthy, and incremental process (Hoelder
et al, 2012). An alternative approach is drug repositioning
or repurposing, in which new indications are found for
existing drugs. The advantages of this approach is that the
pharmacokinetics, pharmacodynamics, and toxicity profiles of
the investigated drugs are already known. If successful, this leads

to a great reduction in time and money expenditures for the
evaluation of drugs during preclinical and clinical development
(Ashburn and Thor, 2004; Tada et al., 2006).

In order to evaluate the usefulness of niclosamide for MDR,
we investigated its activity on the sensitive CCRF-CEM and the
MDR (Pgp overexpressing) CEM/ADR5000 leukemia cells. As
niclosamide is known to elevate ROS levels in cancer cells, we also
tested its effect on ROS generation in both cell lines. Furthermore,
we have attempted to identify the molecular mechanisms of
action of niclosamide, by microarray-based analyses.

MATERIALS AND METHODS

Cell-Lines

CCRF-CEM and CEM/ADR5000 leukemia, RPMI-8226 multiple
myeloma, and HT-29 colorectal cancer cells were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/ml)/streptomycin (100 pg/ml) in a 5% CO;
atmosphere at 37°C. MDA-MB-231 breast cancer and A549 lung
cancer cells were grown in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% FBS, penicillin (100 U/ml)/streptomycin
(100 pg/ml) in a 5% CO; atmosphere at 37°C. Cells were
passaged twice weekly. Resistance of CEM/ADR5000 was
maintained by treatment with 5000 ng/ml doxorubicin for 24 h
every 2 weeks. All experiments were performed with cells in the
logarithmic growth phase.

Cytotoxicity Assay

Cells obtained from exponential phase cultures were counted and
seeded into 96-well plates. The seeding density was 10* cells per
well for both cell lines. Cells were then exposed to niclosamide
(Sigma-Aldrich, Taufkirchen, Germany) using 0.001, 0.01, 0.1, 1,
10, and 100 pM, in all cell lines. After a 72 h incubation period,
20 pl of resazurin 0.01% w/v was added to each well and the
plates were incubated at 37°C for 4 h. Fluorescence was measured
using an Infinite M2000 Pro plate reader (Tecan, Crailsheim,
Germany). Dose-response curves were generated by plotting
the mean cell viability (%) against the concentration of the
compound (WM). ICsq values were calculated from a calibration
curve by linear regression using Microsoft Excel. The resistance
ratio for sensitive CCRF-CEM and resistant CEM/ADR5000 cells
was calculated by: ICsg resistant/IC50 sensitive- EXperiments were
repeated three times.

ROS Assay

For each sample 2 x 10° cells were seeded in each well of a six-
well plate. Each well was treated with 1.5 wM of niclosamide or
dimethyl sulfoxide (DMSO). After 24 h incubation, cells were
centrifuged and resuspended in RPMI-1640 culture medium and
incubated with 10 wM 2’,7'-dichlorodihydrofluorescein-diacetate
(H,DCFH-DA) for 20 min in the dark. Subsequently, cells
were centrifuged, washed with phosphate buffered saline (PBS),
resuspended in culture medium and measured in a BD-C6 flow
cytometer (Becton-Dickinson, Heidelberg, Germany). Cells were
also treated with H,O, for 15 min as a positive control. For
each sample, 1 x 10* cells were counted. 2,7’-dichlorofluorescein
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(DCF) was measured at 488 nm excitation and detected using a
530/30 nm bandpass filter. The experiment was repeated three
times.

Target Prediction

The structure of niclosamide was obtained from ChemSpider!
and saved as a mol file. The compound was then submitted to
the DRAR-CPI software’. The protein targets showing the highest
docking scores were obtained.

Glutathione Assay

The levels of GSH were determined after the treatment of cells
with 0.75, 1.5, 3, 6, and 12 WM niclosamide, and incubated for
24 h at 37°C. The cells were then centrifuged and suspended
in PBS supplemented with 5% FBS. The cells were stained
with 40 M monochlorobimane and incubated for 20 min.
Fluorescence was read using an LSR-Fortessa flow cytometer
(Becton-Dickinson, Heidelberg, Germany) using a 405 nm laser.
The experiment was repeated three times.

Molecular Docking

The PDB file for the crystal structure of GSH synthetase (GS)
(PDB ID: 2HGS) was downloaded from the protein data bank’.
To perform molecular docking, the protein structure of GS
were first processed with AutodockTools-1.5.6rc316 to overcome
problems of incomplete structures due to missing atoms or
water and the presence of multimers or interaction partners
of the receptor molecule. The output file after preparation was
set in PDBQT format, where information about atomic partial
charges, torsion degrees of freedom and different atom types were
added, e.g., aliphatic and aromatic carbon atoms or polar atoms
forming hydrogen bonds. A grid box was then constructed to
define docking spaces. The dimensions of the grid box were set
around the entire protein molecule in a manner that the ligand
could freely move and rotate in the docking space. The grid box
consisted of 126 grid points in all three dimensions (X, Y, and Z)
separated by a distance of 1 A between each one. Energies at each
grid point were evaluated for each atom type present in the ligand,
and the values were used to predict the energy of a particular
ligand configuration. Docking parameters were set to 250 runs
and 2,500,000 energy evaluations for each cycle. Docking was
performed for niclosamide on GS using Autodock4 by means of a
Lamarckian algorithm. The corresponding binding energies and
the number of conformations in each cluster were attained from
the docking log files (dlg). The process was repeated in a triplicate.
The mean and standard deviation were calculated.

Microscale Thermophoresis

The interaction between recombinant human GS (Abcam,
Cambridge, UK) and niclosamide was studied using microscale
thermophoresis as previously described (Seo and Efferth, 2016).
Protein was labeled according to the Monolith™ NT.115
Protein Labeling Kit BLUE-NHS (Amine reactive; NanoTemper

http://www.chemspider.com
*https://cpi.bio-x.cn/drar
Shttp://www.rcsb.org/pdb

Technologies GmbH, Munich, Germany). The labeled human
GS was titrated with niclosamide. The final concentrations of
niclosamide were 200, 100, 50, 25, and 3.125 pM in analysis
buffer (50 mM Tris buffer pH 7.6 containing 150 mM NaCl,
10 mM MgCly, and 0.05% Tween-20). Samples were analyzed
using hydrophilic capillaries in NanoTemper Monolith™ NT
(NanoTemper Technologies GmbH, Munich, Germany) for blue
dye fluorescence.

COMPARE Analyses

The mRNA microarray data of the NCI tumor cell line panel
available at the NCI website* was used (Scherf et al., 2000;
Staunton et al., 2001). COMPARE analyses were performed to
produce rank-ordered lists of genes expressed in the NCI cell
lines as previously described (Paull et al., 1989; Wosikowski et al.,
1997). Briefly, every gene of the NCI microarray database was
ranked for similarity of its mRNA expression to the log;oICsg
values for niclosamide. To derive COMPARE rankings, a scale
index of correlation coefficients (R-values) was created.

Hierarchical Cluster Analysis

Hierarchical cluster analysis was performed, in order to create
a cluster model for the different cell lines. This was done
by classifying objects into dendrograms. The distances were
calculated according to the closeness of between-individual
distances. Cluster models have previously been validated for
gene expression profiling and for approaching molecular
pharmacology of anticancer agents (Efferth et al., 1997; Scherf
et al., 2000).

Promoter Binding Motif Analysis

Binding motifs for transcription factors in the promoter
sequences of genes were analyzed by Cistrome analysis software
(Liu et al., 2011). Briefly, genes of interest were retrieved in BED
format from https://genome.ucsc.edu/cgi-bin/hgTables. SeqPos’
was used to screen for enriched transcription factor binding
motifs in gene promoter sequences. The screening was performed
for motifs deposited in the Transfac, JASPAR, UniPROBE, and
PDI databases. Moreover, de novo motifs where identified by
using MDscan algorithm.

Nuclear Factor of Activated T-Cells
Reporter Assay

HEK293 cell lines were transfected with nuclear factor of
activated T-cells (NFAT)-luciferase reporter construct (Qiagen,
Germantown, MD, USA). The cells were cultured, according
to the manufacturer’s recommendations. The cells were treated
with varying concentrations of niclosamide for 24 h. NFAT
promoter activity was quantified with Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA) by measuring the
firefly and renilla luciferase luminescences on an Infinite M2000
Pro™ plate reader (Tecan). The ratio of firefly luciferase intensity
to renilla luciferase intensity yielded a measure for NFAT activity.

*https://dtp.cancer.gov
“http://cistrome.org
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The relative luminance for each sample was calculated as: firefly
luciferase luminescence/renilla luciferase luminescence. DMSO
treatment served as control. Normalized NFAT activity was
calculated by the formula: relative luciferase of sample/relative
luciferase of the DMSO control. The experiment was repeated
three times.

Statistical Analysis

Data were expressed as mean & SD of three independent tests.
Statistical significance was determined using the Student’s ¢-test.
A p-value of less than 0.05 denoted significance in all cases.
Hierarchical cluster analysis was performed using the Ward’s
method (WinSTAT program, Kalmia, Cambridge, MA, USA).

RESULTS

Cytotoxicity Assay

The cytotoxic activity of niclosamide was tested on CCRF-CEM
and CEM/ADR5000 leukemia, RPMI-8226 multiple myeloma,
HT-29 colorectal cancer, MDA-MB-231 breast cancer, and A549
lung cancer cells, using resazurin assay. Niclosamide showed
varying activity towards the tested cell lines as shown in Figure 1.
It was most active against the hematological cancer cell lines
CCRF-CEM, CEM/ADR5000, and RPMI-8226, compared to
the solid tumor cell lines HT-29, MDA-MB-231, and A549.
The resistance ratio between the sensitive CCRF-CEM and
multidrug resistant CEM/ADR5000 cells was 1.24, indicating that
CEM/ADRS5000 were sensitive to niclosamide.

ROS Assay

Cellular ROS levels were analyzed after niclosamide treatment
by H,DCFH-DA staining and flow cytometry. A clear
dose-dependent increase in cellular ROS levels was observed after
24 h incubation with niclosamide (Figure 2). Thus, niclosamide
can be regarded as a ROS inducer in acute lymphoblastic
leukemia cells.

Target Prediction

A total of 391 biological targets were identified for niclosamide
by the DRAR-CPI algorithm. Interestingly, GS, which is directly
involved in ROS metabolism, was among the predicted targets.
Niclosamide showed a docking score of —47.8 and a Z’-score
of —0.788 for GS. We therefore hypothesized that the binding
of niclosamide to GS and the subsequent inhibition of GSH
production played an important role in the increase of ROS after
treatment of cells.

Glutathione Assay

In order to test whether niclosamide affected GSH levels in the
sensitive and resistant cell lines, GSH assays were performed
after treatment of leukemia cells with different concentrations
of niclosamide. The cells were stained with monochlorobimane
and fluorescence was measured using flow cytometry. As
shown in Figure 3, niclosamide significantly reduced the
intracellular GSH levels in a dose-dependent manner in both

cell lines. However, the effect on sensitive CCRF-CEM cells was
slightly higher than the effect on the resistant CEM/ADR5000
cells, which is consistent with the results from the ROS
assay.

Molecular Docking

To predict the binding affinity of niclosamide to GS and
propose its binding site, we performed molecular docking.
The protein structure of GS was downloaded in PDB format,
processed using Autodock Tools and finally converted to PDBQT
format. A grid box was then constructed. Energies at each
grid point were then evaluated for each atom type present
in the ligand. The values were used to predict the energy
of a particular ligand configuration. Docking was performed
for niclosamide on GS with Autodock4 using the Lamarckian
Algorithm. The corresponding binding energies and the number
of conformations in each cluster were attained from the docking
log files (dlg). As shown in Figure 4, the lowest binding energy for
niclosamide on GS was predicted to be —9.40 £ 0.01 kcal/mol,
which is a considerably low value. The amino acids involved
in the interaction included Ile143, Asn373, Tyr375, Met398,
Glu399, Ile401, Arg450, Lys452, and Ala457. Two of the amino
acids (Arg450 and Ala457) showed interactions with hydrogen
bonding.

Microscale Thermophoresis

Microscale thermophoresis was used to analyze the direct
interaction between GS and niclosamide (Figure 5). This method
is used to determine the binding affinity between a fluorescently
labeled protein and a non-labeled compound. Labeled GS
was titrated with different concentrations of niclosamide. An
equilibrium binding constant of 5.64 WM was obtained providing
evidence for direct binding of GS to niclosamide.

Microarray Analysis

To correlate the cellular responses of niclosamide with the
expression of the deregulated genes, we performed COMPARE
analyses. Using the NCI database, we correlated the microarray-
based transcriptome-wide mRNA expression of 60 tumor cell
lines with the log;¢ICsg values for niclosamide. We ran a standard
COMPARE, which correlated the lowest ICsq values with the
lowest mRNA expression levels of genes. We then ran a reverse
COMPARE which correlated the lowest ICsy values with the
highest gene expression level. The threshold for correlation
coefficients were R > 0.55 for standard COMPARE and R < -0.55
for reverse COMPARE (Supplementary Table S1). The genes that
showed good correlation with sensitivity to niclosamide included
those involved in signal transduction (TP53INP2, LAMTOPS,
PDE6G), lipid metabolism (SOAT, GMA2), regulation of cell
growth and development (MAP6, TANC2) and others. On the
other hand, genes that correlated with resistance included those
involved in signal transduction (MUCI3, S100P, ARHGEFS5,
LMO?7), lipid metabolism and transport (PLA2G2A, CYP3A4,
APOM), protein synthesis (RPS16, EIF2S2) and others. The
mRNA expression values of these genes were used to perform
a hierarchical cluster analysis. The dendrogram of this cluster
analysis could be divided into five main cluster branches
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(B) solid tumor cell lines (HT-29, MDA-MB-231, and A549).

FIGURE 1 | Dose-response curves from the cytotoxicity assays of (A) hematological cancer cell lines (CCRF-CEM, CEM/ADR5000, and RPMI-8226) and

(Figure 6). Sensitivity or resistance to niclosamide and its
derivative were predicted by the distribution of cell lines in
the dendrogram according to their gene expression profiles. We
found a significant difference in the distribution of sensitive
and resistant cell lines between the branches of the dendrogram
(p = 8.66 x 107°). The response of this cell line panel to
niclosamide and its derivative can therefore be determined by the
gene expression profile.

Promotor Binding Motif Analysis

To further determine the transcription factors and the
signaling pathways involved in the anticancer activity of
niclosamide, we performed promotor binding motif analysis.
To accomplish that, a set of 30 deregulated genes from the
microarray data were selected. As shown in Table 1, several

transcription factors might be involved in the cellular response
of cancer cells to niclosamide. Among them were CEBPA
and CEBPB (cell cycle regulation), RELA and CREL (NF-«kB
pathway), TCF7L1 (Wnt/B-catenin signaling pathway), SMAD3
[transforming growth factor beta (TGF-B) signaling], FOXOI
and NFAT, all of which are involved in cancer initiation and
progression.

NFAT Reporter Assay

The NFAT was among the transcription factors that may
potentially bind to the gene promoters of deregulated genes
from the microarray data. In order to confirm this finding,
we performed an NFAT reporter assay. As shown in Figure 7,
niclosamide indeed caused a significant decrease in NFAT activity
in a dose dependent manner.
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FIGURE 2 | Effect of 24 h treatment with niclosamide (1.5 M) on ROS levels in CCRF-CEM and CEM/ADR5000 cells. HoO» (50 |LM) was used as a
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FIGURE 3 | Effect of niclosamide on glutathione levels in CCRF-CEM and CEM/ADR5000 cells. (A) Flow cytometric analysis of glutathione levels after
treatment with niclosamide (12 wM) for 24 h. (B) Statistical quantification of glutathione levels after treatment with different concentrations of niclosamide (*p < 0.05,

DISCUSSION

A major problem of anticancer therapy is the development of
MDR. Pgp, an energy dependent efflux pump, plays an important
role in the development of MDR. Clinical studies have shown
that the overexpression of Pgp in cancer cells is associated
with poor prognosis (Bellamy, 1996). This protein transports
chemotherapeutic drugs that are central to many anticancer

regimens (Allen et al., 2000). Niclosamide showed cytotoxic
effects against various types of cancer (Li et al, 2014). Our
cytotoxicity assay results on the hematological, breast, lung,
and colorectal cancer cell lines, showed that niclosamide is
more active against the three hematological cell lines, compared
to the solid tumor cell lines cell lines, which were more
resistant. However, to the best of our knowledge, the effect of
niclosamide on MDR cancer has never been investigated, as of
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FIGURE 4 | Binding of niclosamide at the ATP binding domain of glutathione synthetase (GS). Hydrogen bond forming amino acids are shown in red.

810 ————rrrremy

800 +
790

780

Fnorm [1/1000]

770

760

-+ el

750 I B

FIGURE 5 | Characterization of binding affinity of niclosamide labeled GS using microscale thermophoresis.
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yet. Interestingly we have found niclosamide to be active against
both the sensitive and MDR (Pgp-overexpressing) leukemia
cells. The resistance ratio was found to be 1.24, indicating that
niclosamide shows significant cytotoxic activity against leukemia
cells that display the MDR phenotype. The reason may be due to
its rapid uptake and the effective bypassing of Pgp, leading to its
higher intracellular accumulation and effectiveness. To the best
of our knowledge, we report for the first time that niclosamide is
active against MDR cancer cells.

ROS are highly reactive chemical entities including radicals,
ions or molecules that have a single unpaired electron in
their outermost shell of electrons (Liou and Storz, 2010).
The use of agents that significantly increase ROS represents
an effective strategy to kill cancer cells. Thus, a common
approach to treat cancer represents the application of agents with
strong pro-oxidant properties. Such agents would either directly
generate ROS or inhibit the antioxidant systems in the cell. This
will lead to an increase of ROS levels above the threshold, with
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FIGURE 6 | Dendrogram of hierarchical cluster analysis (Ward’s method) obtained from microarray-based mRNA expression profiles of genes
obtained from the NCI database correlating with niclosamide.

the subsequent induction of apoptosis and cell death (Ivanova Liao et al., 2015). However, the mechanism behind this effect
et al.,, 2013). Niclosamide is known to increase ROS levels in  has not been previously investigated. Our results showed that
cancer cells, including acute myeloid leukemia and lung cancer niclosamide also caused the elevation of ROS levels in both
cells (Wartenberg et al., 2005; Jin et al., 2010; Lee et al., 2014;  the sensitive and MDR leukemia cells. In an effort to elucidate

TABLE 1 | Transcription factors for which promoter motifs are found in the genes identified by COMPARE analysis.

Clusters Factor Z-score —10*log (p-value) Clusters Factor Z-score —10*log (p-value)
1. EmBP-1b —4.81 140.979 18. Pax-4 —3.543 85.274
Opaque-2 —3.995 103.405 19. MAF —3.523 84.535
2. ZNF766 —4.459 123.985 20. RFX1 —3.496 83.506
3. GCR1 —4.445 123.338 21. THRAPG —3.443 81.539
4. CEBPB —4.158 110.418 22, bZIP911 —3.374 79.016
5. REL —4.09 107.455 23. Smad3 -3.35 78.123
c-Rel —3.438 81.363 24. NAC69-1 —3.347 78.039
6. Gat4 —4.083 107.159 25. FOXO1 —3.337 77.664
7. TCF7L1 —4.025 104.642 26. E2A|TCF3 -3.292 76.045
8 Zfp105 —3.969 102.289 27. PBF1 —3.288 75.932
9. Tcfap2e -3.95 101.515 28. POUGBF1 —3.253 74.699
10. CEBPA —3.808 95.674 29. NF-AT —3.246 74.44
1. IRF-2 —3.789 94.879 ESE1|ELF3 -3.177 72.038
12. ATF6 —3.688 90.89 30. Elk1 —3.201 72.867
ROM —3.482 82.969 31. PTF1-beta —3.196 72.707
13. CPRF-1 —3.367 78.765 32. Zic2 -3.164 71.599
14. CPRF-3 —-3.204 72.955 33. GCR1 -3.119 70.039
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FIGURE 7 | Effect of 24 h treatment with various concentrations of niclosamide on NFAT signaling activity. Results shown are the mean values + SD of
three independent experiments (*p < 0.01, compared to DMSO-treated control cells).

the mechanism by which niclosamide elevated ROS levels, we
identified GS as a possible target of niclosamide. GS is a key role
player in GSH synthesis, as it catalyzes the formation of GSH
from y-glutamylcysteine and glycine, and therefore determines
the overall GSH synthetic capacity in certain tissues, especially
under stressful conditions (Lu, 2013). GSH is one of the most
important antioxidants in the cell. It plays several vital roles
including the maintenance of the redox state, drug detoxification,
and cellular protection from damage by free radicals, peroxides,
and toxins (Singh et al, 2012). It is involved in DNA repair
and apoptosis (Ichijo et al., 1997; Izbicka et al., 1997; Harwaldt
et al., 2002), and is clearly associated with cancer resistance to
chemotherapeutic agents (Capron et al., 2001; Harwaldt et al,,
2002). Niclosamide should therefore reduce the GSH levels in
cancer cells. Accordingly, we measured GSH levels in leukemia
cells after treatment with different concentrations of niclosamide.
The significant reduction in GSH levels indicates an inhibition
of GSH synthesis. As GSH is known to be involved in the
development of drug resistance (Townsend and Tew, 2003), the
inhibition of its synthesis probably plays a role in the activity of
niclosamide on MDR cells.

Molecular docking was used to confirm and clarify the
inhibitory effect of niclosamide on GS. This bioinformatical
tool is considered essential and valuable in drug discovery and
development. It gains its value from its ability to predict the
conformation of small-molecule ligands within the appropriate
target-binding site. It also estimates the ligand receptor binding
free energy involved in the molecular interaction (Meng et al.,
2011). Niclosamide gave a low binding energy indicating
a high affinity to GS. In order to validate the molecular
docking result, we studied the real interaction between GS
and niclosamide, using microscale thermophoresis. The results
showed good binding affinity, confirming our findings. We can

therefore postulate that niclosamide is a possible inhibitor of
GS. Niclosamide is therefore expected to inhibit the synthesis of
GSH in cancer cells causing a reduction of GSH levels shown
by the GSH assays. This then leads to the reduction in the ROS
scavenging effects of GSH, causing the increased accumulation of
ROS in cancer cells. A crystallographic study of the interaction
of GS with ATP revealed that Ile143, Tyr375, Met398, Glu399,
Ile401, and Lys452 contribute to the interaction between GS and
ATP (Polekhina et al., 1999; Dinescu et al., 2004). Accordingly,
niclosamide inhibits GS activity by competitively binding to the
ATP binding site, and therefore blocks the interaction with ATP.
Interestingly GS inhibitors have not been described in previous
studies. Niclosamide is therefore the first compound reported to
cause inhibition of GS.

The genes identified by the microarray-based COMPARE
analyses that showed good correlation with the cellular response
of niclosamide included those involved in lipid metabolism,
signal transduction, regulation of cell growth and development,
protein synthesis, and others. The result of the hierarchical cluster
analysis showed a significant difference in the distribution of
sensitive and resistant cell lines between the branches of the
dendrogram. The response of this cell line panel to niclosamide
can therefore be determined by the gene expression profile.
Inhibitors of lipogenic enzymes are quite active and efficient
anticancer agents. Several other compounds that target lipid and
cholesterol metabolism and homeostasis have shown relevant
anticancer activity (Beloribi-Djefaflia et al., 2016). According to
our findings from the microarray data analysis, lipid metabolism
might play a central role in the cytotoxic activity of niclosamide
against cancer cells. Further studies are required to confirm this
mechanism of action. These would include the determination of
the effect of niclosamide on the levels of lipogenic enzymes and
on the amounts of total lipid, total cholesterol and triglyceride in
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cancer cells. It is worth noting that none of the ABC transporters
was found to be associated with resistance to niclosamide. This
is consistent with our finding that overexpression of Pgp is not
involved in the resistance to niclosamide. The promoter binding
motif analysis of the microarray data of niclosamide showed that
a number of transcription factors might potentially bind to these
gene promoters. Those that are related to cancer include CEBPA,
CEBPB, RELA, CREL, TCF7L1, NFAT, and SMAD3. Thus,
several signaling pathways would be involved in the anticancer
activity of niclosamide. These pathways include the NF-kB, Wnt,
NFAT, TGF-f, and forkhead box protein O (FOXO) signaling
pathways. In addition, the CCAAT/enhancer-binding protein
(CEBP) transcription factors, involved in cell cycle regulation,
might also play a role in the activity of niclosamide. In accordance
with our findings, niclosamide is known to exert anticancer
activity through inhibition of NF-kB and Wnt signaling pathways
(Lietal., 2014). Niclosamide is also known to inhibit mechanistic
target of rapamycin (mTOR) signaling (Fonseca et al., 2012).
The mTOR signaling pathway regulates FOXO activity as well as
TGEF-p signaling (Mori et al., 2014; Yu et al., 2015). Furthermore,
it controls the ratio of CEBP isoform expression. It is therefore
possible that the effect of niclosamide on the expression of FOXO,
TGF-B, and CEBP regulated genes is through the inhibition of
mTOR signaling.

Previously, the effect of niclosamide on several signaling
pathways has been investigated (Li et al., 2014). Even though,
its effect on NFAT activity has not been studied yet. The NFAT
signaling pathway has an important role in the development
and function of the immune system. It is also involved in the
development of cardiac, skeletal muscle, and nervous systems.
This pathway is activated by increased calcium levels, resulting
from its release from the endoplasmic reticulum or its influx
through activated channels in the cell membrane. Recent findings
have shown that NFAT contributes to cancer development
and progression, including solid tumors and hematological
malignancies. NFAT signaling is also known to be persistently
active in mouse models of human leukemia (Medyouf and
Ghysdael, 2008). Inhibition of NFAT signaling pathway in
leukemia cells caused cell growth arrest and induction of
apoptosis in vitro and in vivo (Mancini and Toker, 2009). Due
to the importance of NFAT signaling in the progression of
leukemia and our finding from the promoter binding motif
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Aging that refers the accumulation of genetic and physiology changes in cells and
tissues over a lifetime has been shown a high risk of developing various complex
diseases, such as neurodegenerative disease, cardiovascular disease and cancer. Over
the past several decades, natural products have been demonstrated as anti-aging
interveners via extending lifespan and preventing aging-associated disorders. In this
study, we developed an integrated systems pharmacology infrastructure to uncover
new indications for aging-associated disorders by natural products. Specifically, we
incorporated 411 high-quality aging-associated human genes or human-orthologous
genes from mus musculus (MM), saccharomyces cerevisiae (SC), caenorhabditis
elegans (CE), and drosophila melanogaster (DM). We constructed a global drug-target
network of natural products by integrating both experimental and computationally
predicted drug-target interactions (DTI). We further built the statistical network models
for identification of new anti-aging indications of natural products through integration
of the curated aging-associated genes and drug-target network of natural products.
High accuracy was achieved on the network models. We showcased several
network-predicted anti-aging indications of four typical natural products (caffeic acid,
metformin, myricetin, and resveratrol) with new mechanism-of-actions. In summary, this
study offers a powerful systems pharmacology infrastructure to identify natural products
for treatment of aging-associated disorders.

Keywords: quantitative and systems pharmacology, natural products, target identification, aging, network-based

INTRODUCTION

Aging is a complex biological process accompanied by accumulation of degenerative damages as
well as the decline of various physiological function, leading to the death of an organism ultimately
(Fontana et al., 2010; Lopez-Otin et al., 2013; Vaiserman et al., 2016). As an inevitable outcome of
life, aging is a primary risk factor for various complex diseases, including cancer, cardiovascular
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diseases, and neurodegenerative disease (Kaeberlein et al., 2015;
Vaiserman and Marotta, 2016). Thus, development of novel
agents for delaying or preventing aging-associated disorders
plays essential roles during drug discovery and development.

Natural products have been demonstrated preclinical or
clinical efficiency for developing anti-aging interveners with few
side effects (Ding et al., 2017). Over the past few decades, several
natural products have been reported as anti-aging agents to
extend lifespan and prevent aging-associated diseases in various
organism and animal models (Pan et al., 2012; Correa et al., 2016).
Currently, over 300,000 natural products have been available
for drug discovery and development (Banerjee et al, 2015).
Among of them, 547 natural products and derivatives have been
approved by U.S. Food and Drug Administration (FDA) for
treating or preventing various disorders by the end of 2013
(Patridge et al., 2016). There is pressing need of novel approaches
or tools for systematic identification of natural products with
novel pharmacotherapeutic mechanism-of-action for treatment
of aging-associated disorders.

Traditional drug target identification includes ligand-based
and structure-based approaches, such as machine learning and
molecular docking (Fang et al., 2013, 2017b). However, machine
learning is limited by high quality of negative samples as well
as overfitting issues on small training sets, while molecular
docking is constrained by lack of available crystallographic three-
dimensional (3D) structures of proteins. To overcome the pitfalls
of traditional approaches, several network-based approaches for
prediction of drug-target interaction (DTI) have been proposed
recently (Cheng et al., 2012a,b; Wu et al,, 2016, 2017). These
approaches have showed a great promise in drug discovery and
development, since they do not rely on either 3D structures of
proteins or negative DTIs.

Quantitative and systems pharmacology refers to a
multidisciplinary approach for the emerging development
of efficacious drugs with novel mechanisms via integration of
experimental assays and computational strategies (Vicini and van
der Graaf, 2013; Fang et al., 2017b,c). In the past decade, systems
pharmacology-based approaches have demonstrated advance
in drug discovery and development (Lu et al, 2015; Cheng
et al,, 2016; Fang et al., 2017a). For example, a recent study has
reported a systems pharmacology approach for identifying new
anticancer indications via integrating drug-gene signatures from
the connectivity map into the cancer driver genes derived from
tumor-normal matched whole-exome sequencing data (Cheng
et al., 2016). They identified several new anticancer indications
of resveratrol with new molecular mechanisms. Recently, the
same group further proposed a system pharmacology approach
that facilitated to identify new anticancer indications of natural
products through integration of known DTI network into
significantly mutated genes in cancer (Fang et al, 2017a).
The high-confidence anticancer indications were identified
computationally and further validated by various literatures
on four natural products, including resveratrol, quercetin,
fisetin, and genistein. They showed that integration of the
computationally predicted DTIs could significantly enhance the
success rate of identifying new anticancer indications of natural
products via reducing the incompleteness of known drug-target

networks. The aforementioned examples have shed light on the
systems pharmacology-based approaches for drug discovery
through exploiting the polypharmacology of natural products
with pleiotropic effects for treatment of various complex diseases
(Fang et al., 2017b).

In this study, we further proposed an integrated systems
pharmacology framework (Figure 1) to identify new targets of
natural products for potential treatment of aging-associated
disorders. Specifically, we manually collected high-quality aging-
associated human genes or human-orthologous genes covering
four species: caenorhabditis elegans (CE), drosophila melanogaster
(DM), mus musculus (MM), and saccharomyces cerevisiae (SC).
We reconstructed a global DTT network of natural products by
integrating both experimentally reported and computationally
predicted DTTs from our previous predictive network models
(Wuetal, 2016; Fang et al., 2017c¢). Finally, we built the statistical
network models with high accuracy to prioritize new anti-aging
indications of natural products through integration of the curated
aging-associated genes and drug-target network of natural
products. We computationally identified anti-aging indications
of multiple natural products with novel molecular mechanisms,
providing potential promising candidates for further treatment
of aging-associated diseases. Taken together, this study offers a
powerful systems pharmacology infrastructure for identification
of natural products with new mechanism-of-action for potential
treatment of aging-associated disorders.

MATERIALS AND METHODS

Manual Curation of Aging-Associated

Genes

Aging-associated genes (AAGs) were collected from two
comprehensive databases: the JenAge Ageing Factor Database
(AgeFactDB) (Huhne et al,, 2014) and Human Ageing Genomic
Resources database (HAGR) (Tacutu et al.,, 2013). AgeFactDB
collects and integrates aging phenotype data with both
experimental and computational evidence, while HAGR only
contains AAGs from experiments. In this study, we only
extracted AAGs from AgeFactDB and HAGR with well-known
experimental evidences across five organisms: Homo sapiens
(HS), CE, DM, MM, and SC. After removing the duplicated
genes between two databases, we obtained 309 (HS), 194 (DM),
1,012 (SC), 1,149 (CE), and 143 (MM) AAGs, respectively.
We then obtained high-quality human-orthologous AAGs via
mapping human-orthologous genes across four species (CE, DM,
MM, and SC) from ensemble database (http://www.ensembl.org/
index.html). Finally, 169 (DM), 555 (SC), 331 (CE), and 96 (MM)
human-orthologous AAGs were collected (Table S1).

Construction of a Known Drug-Target

Network of Natural Products

We firstly integrated comprehensive natural products from
six publically available natural product-related data sources:
traditional Chinese medicine database (TCMDDb) (He et al.,
2001), Chinese natural product database (CNPD) (Shen
et al.,, 2003), traditional Chinese medicine integrated database
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FIGURE 1 | Schematic diagram of the systems pharmacology infrastructure for identification of aging-associated indications by natural products. (A) Construction of
drug-target network of natural products. (B) Manual curation of aging-associated genes. (C) Discovery of new anti-aging indications for natural products via
network-based prediction. (D) Identification of new anti-aging mechanism-of-action via network analysis.

(TCMID) (Xue et al, 2013), traditional Chinese medicine
systems pharmacology (TCMSP) (Ru et al., 2014), traditional
Chinese medicine database@Taiwan (TCM@Taiwan) (Chen,
2011), and universal natural product database (UNPD) (Gu et al.,
2013). For each data source, we converted its initial structure
format (e.g., mol2) into unified SDF format. Secondly, we merged
the unified SDF files from the six data sources into single SDF
file, and removed the duplicated natural products according to
InChIKey by Open Babel (v2.3.2) (O’Boyle et al., 2011). Finally,
259,547 unique natural products were collected. The details are
provided in our previous study (Fang et al., 2017a,c).

To construct a global drug-target network of natural products,
we pooled DTIs from two commonly used databases: ChEMBL
(v21) (Bento et al., 2014) and BindingDB (v19, accessed in June
2016) (Gilson et al., 2016). All chemical structures were carefully
standardized via removing salt ions and standardizing dative
bonds using Open Babel toolkit (v2.3.2). We further filtered
DTIs with the following five criteria: (i) Ki, Kd, ICsp, or ECs
< 10nM; (ii) the target organism should be homo sapiens;

(iii) the target has a unique UniProt accession number; (iv)
compound can be transformed to canonical SMILES format;
and (v) compound has at least one carbon atom. Subsequently,
we extracted experimentally validated DTIs for 2,349 natural
products after mapping 259,547 unique natural products into the
global DTIs using the “InChIKey.”

Prediction of New Drug-Target Interactions

of Natural Products

In a recent study, we have developed predictive network
models to predict targets of natural products via a balanced
substructure-drug-target network-based inference (bSDTNBI)
(Fang et al., 2017¢c; Wu et al., 2017) approach. The bSDTNBI
utilizes resource-diffusion processes to prioritize potential
targets for both known drugs and new chemical entities
(NCEs) via substructure-drug-target network (Wu et al., 2016).
The substructure-drug (or NCE)-target network was built
via integrating the known DTI network, drug-substructure
associations and NCE-substructure associations. Two parameters
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were introduced to balance the initial resource allocation of
different node types («) and the weighted values of different
edge types (B), respectively. The third parameter y was imported
to balance the influence of hub nodes in resource-diffusion
processes. The fourth parameter k denotes for the number of
resource diffusion processes. Herein, four parameters (¢ =
= 0.1, y = —0.5, and k = 2) in bSDTNBI were adopted based
on our previous study (Wu et al.,, 2016). Here, the predictive
model based on KR molecular fingerprint (bSSDTNBI_KR) with
the best performance was used to predict the new targets of
natural products and top 20 predicted candidates were used (Wu
etal., 2016, 2017).

Identification of New Anti-aging

Indications for Natural Products

Here, we further proposed an integrated statistical network
model to prioritize new anti-aging indications of natural
products by incorporating DTI network of natural products and
the manually curated AAGs. We asserted that a natural product
with polypharmacological profiles exhibits a high possibility to
treat an aging-associated disorder if its targets are more likely
to be aging-associated proteins (AAPs). Then we utilized a
permutation testing to estimate the statistical significance of a
natural product to be prioritized for anti-aging indications. The
null hypothesis asserts that targets of a natural product randomly
locate at AAPs across the human proteome. The permutation
testing was performed as below:

p— _ HSn(p) > Su} W

# {total permutations}

A nominal P was computed for each natural product by
counting the number of observed AAPs greater [S,, (p)] than
the permutations (Sm). Here we repeated 100,000 permutations
by randomly selecting 441 proteins (the same number of
AAPs) from protein products at the genome-wide scale, 20,462
human protein-coding genes from the National Center for
Biotechnology Information (NCBI) database (Coordinators,
2017; Table S2). Subsequently, the nominal P-values from the
permutation tests were corrected as adjusted P-values (q) based
on Benjamini-Hochberg approach (Benjamini and Hochberg,
1995) using R package (v3.01). In addition, a Z-score was
calculated for each natural product to be prioritized for anti-
aging indications during permutation testing:

X—
o

7 =

(2)

where x is the real number of AAPs targeted by a given natural
product, u is the mean number of AAPs targeted by a given
natural product during 100,000 permutations, and o is the
standard deviation.

Network and Statistical Analysis

The statistical analysis in this study was carried out using
the Python (v3.2, http://www.python.org/) and R platforms
(v3.01, http://www.r-project.org/). Networks were visualized by
Cytoscape (v3.2.0, http://www.cytoscape.org/).

MM CE
(Mus Musculus) (Caenorhabditis Elegans)

DM
(Drosophila Melanogaster)

(Saccharomyces Cerevisiae)

FIGURE 2 | Overlaps among four gene sets of human-orthologous
aging-associated genes (AAGs) from 4 non-human organisms: Caenorhabditis
elegans (CE), Drosophila melanogaster (DM), mus musculus (MM), and
saccharomyces cerevisiae (SC). The detailed AAGs are provided in Table S1.

RESULTS

A Catalogue of Aging-Associated Genes
We collected the high-quality human-orthologous AAGs from
four species: CE, DM, MM, and SC. In total, 1,006 human-
orthologous AAGs identified in at least one species with
literature-reported experimental evidences were collected after
removing the duplicated AAGs (Figure 2). Among 1,006 genes,
130 human-orthologous AAGs are reported in at least two
non-human organisms (CE, DM, MM and SC) simultaneously.
Meanwhile, 12 human-orthologous AAGs (e.g., AKT1, CAT,
GABARAP, MAPKS8, MAPK9, MAPK10, MTOR, PRDX1, PRDX2,
RPS6KBI1, SIRTI1, and SOD2) were included in at least three
non-human organisms. To improve the quality of gene set, we
only selected the 130 human-orthologous AAGs identified in at
least two non-human organisms. We found that 130 human-
orthologous AAGs are significantly enriched with 309 human
AAGs (28 overlapping genes, P = 1.7 x 102%, Fisher’s exact
test). Finally, we pooled 130 human-orthologous AAGs and 309
human AAGs and generated 411 AAGs (Table S3) for building
the statistical network models.

Reconstruction of Anti-aging Drug-Target
Network for Natural Products

We constructed a global drug-target network of natural products
by integrating 7,314 high-quality experimental DTIs as well
as 11,940 new computational predicted DTIs as described in
our recent study (Fang et al., 2017¢). The global DTI network
(Table 1) was consisted of 17,223 DTIs connecting 2,349 unique
natural products and 732 targets. The average experimental target
degree (connectivity) of a natural product is 2.97, which is
significantly stronger than the average degree 2.22 of non-natural
product drugs in DrugBank database (P = 6.81 x 10~72, one-side

Frontiers in Pharmacology | www.frontiersin.org

October 2017 | Volume 8 | Article 747


http://www.python.org/
http://www.r-project.org/
http://www.cytoscape.org/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fang et al.

Discovery of Natural Products for Aging-Related Diseases

TABLE 1 | The statistics of global drug-target interactions (DTI) network and local
DTI network for natural products.

Data set Np Nt (NaT) NpTi Sparsity (%)
Global DTI network 2,349 732 (101) 17,223 1.00
Local DTI network 224 494 (70) 2408 217

Local DTl network: a specific drug-target network by focusing on FDA-approved or
clinically investigational natural products, Np, the number of natural products; N, the
number of targets;, Nar, the number of aging-associated targets; Npr, the number of
DTls; Sparsity, the ratio of Npr to the number of all possible DTls.

Wilcoxon test). The detailed DTI pairs are provided in Table $4.
We further built a specific drug-target network by focusing
on FDA-approved or clinically investigational natural products
(Table S4). Figure 3 displays a bipartite drug-target network
of 2,408 DTIs connecting 224 FDA-approved or clinically
investigational natural products and 494 targets encoded by 70
AAGs and 424 non-AAGs. Network analysis shows that the
average connectivity of experimentally known targets for each
natural product in this network is 6.26, which is significantly
stronger than that (average degree = 2.22) of non-natural
products drugs in DrugBank (P = 4.34 x 107°°, one-side
Wilcoxon test, Table §5). Among 224 FDA-approved or clinically
investigational natural products, eight natural products have
connectivity (K) > 25: quercetin (K = 73), ellagic acid (K = 56),
apigenin (K = 43), haloperidol (K = 32), myricetin (K = 32),
resveratrol (K = 30), genistein (K = 26), and dopamine (K = 25).
Meanwhile, among 70 targets encoded by AAGs, 6 are targeted
by over 15 natural products (D): LMNA (D = 79), MAPT (D
= 33), BLM (D = 22), HIF1A (D = 22), TP53 (D = 20), and
NFKBI (D = 16), based on current available experimental data.
The targets encoded by these AAGs play essential roles in aging-
associated diseases. For example, products encoded by LMNA are
primarily lamin A and C. Alterations in lamin A and C were
reported to accelerate physiological aging via nuclear envelope
budding (Li Y. et al,, 2016). A recent study also showed that
nuclear factor-kappa B (NF-kB) inhibition could delay the onset
of aging symptoms in mice via reducing DNA damage (Tilstra
etal., 2012).

Chemical Diversity Analysis of Natural
Products Targeting Aging-Associated

Proteins

We extracted 1,877 natural products targeting AAP via mapping
411 high-quality human or human-orthologous AAGs into
the global drug-target network of natural products. Clustering
analysis was performed to examine chemical scaffolds of 1,877
natural products by measuring the root-men-square value of the
Tanimoto distance based on FCFP_6 fingerprint implemented
in Discovery Studio 4.0 (version 4.0, Accelrys Inc.). The 1,887
natural products are clustered into 10 groups with cluster centers:
1,2-propanediol, luteolin, tetrahydroalstoine, ZINC03870415,
chryseriol, benzamide, p-toluidine, L-His, cis-10-octadecenoic
acid, and 3-epioleanolic acid, respectively (Figure4A). The
structures of each cluster center are shown in Figure 4B.

Among them, cluster 5 (Cluster center: Chryseriol) and cluster
2 (Cluster center: Luteolin) are grouped as flavonoids, with
the largest number of natural products. The structures in
cluster 3 and cluster 9 are represented as alkaloids, while the
structures in cluster 8 are represented as unsaturated aliphatic
hydrocarbon or unsaturated fatty acid. Overall, 1887 natural
products share diverse chemical scaffolds (Figure 4), providing
a valuable resource for systems pharmacology-based anti-aging
drug discovery.

Mechanism-of-Action of Anti-aging

Indications by Natural Products

To investigate the anti-aging mechanism-of-action (MOA) of
natural products, we performed KEGG pathway, molecular
function, and biological process enrichment analysis using
ClueGO (Bindea et al., 2009). Here, we focused on 54 AAPs
with connectivity larger than 10 in the global drug-target
network of natural products (Table S6). Figure S1 showed that
54 anti-aging targets are significantly enriched in several aging-
associated pathways: longevity regulating pathway (adjusted-P
= 19 x 107°), MAPK signaling pathway (adjusted-P = 1.6
x 107°), ERBB signaling pathway (adjusted-P = 7.8 x 1077),
estrogen signaling pathway (adjusted-P = 3.3 x 107%), and
insulin signaling pathway (adjusted-P = 2.1 x 10~3) (Hall et al.,
2017). Similar trends were observed for molecular function and
biological process enrichment analyses (Table S7). To further
showcase the aging-associated mechanisms, we selected four
typical natural products: caffeic acid, hesperetin, myricetin and
resveratrol.

Caffeic Acid

Caffeic acid is a natural phenol found in fruits, tea and wine
(Magnani et al., 2014), with a wide range of aging-associated
pharmacological activities, such as antioxidant (Deshmukh
et al., 2016), anti-inflammatory (da Cunha et al, 2004), and
neuroprotective (Pereira et al., 2006). For example, caffeic acid
phenethylester (CAPE) was reported to extend lifespan in CE
via regulation of the insulin-like DAF-16 signaling pathway
(Havermann et al., 2014). The detailed molecular mechanisms
of anti-aging effects by caffeic acid remain unclear. Figure 5
shows that caffeic acid interacts with 5 AAPs (LMNA, MAPT,
NFKBI, PTPN1 and MAPK1) and 22 non-AAPs, consisting of 23
experimentally validated and 4 computationally predicted ones.
Protein tyrosine phosphatase 1B (PTP1B), encoded by PTPNI,
is a potential target for treatment of type-2 diabetes (Gonzalez-
Rodriguez et al., 2012) and Alzheimer’s disease (Vieira et al.,
2017). A recent study showed that caffeic acid is a moderate
inhibitor of PTP1B with an ICsy value of 3.06 uM (He et al.,
2009).

Hesperetin

Hesperetin is flavanone abundant in citrus fruits with a
wide range of biological activities. Recent studies revealed the
potential antioxidant, neuroprotective, and anti-inflammatory
properties (Parhiz et al., 2015; Miler et al., 2016), by hesperetin.
Furthermore, a recent clinical trial (NCT02095873) has reported
that hesperetin in combination with trans-resveratrol can
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FIGURE 3 | A bipartite drug—target interaction network for FDA-approved or clinically investigational natural products. This network contains 2,408 interactions
connecting 224 natural products to 494 target proteins, including proteins encoded by 70 aging-associated genes (AAGs) and 424 non-AAGs. The label font size and
node size are proportional to degree (connectivity).

prevent and alleviate early-stage of aging-associated disorders = immunomodulatory (Fu et al, 2013) effects. Figure5 shows
(Xue et al., 2016). Network analysis reveals that hesperetin ~ that myricetin binds with 11 AAPs and 25 non-AAPs,
binds with 9 targets (6 AAPs and 3 non-AAPs), including 4  consisting of 4 computationally predicted targets (TP53, LMNA,
computationally predicted targets and 5 experimentally reported ~ ELAVL1, and KMT2A) and 32 experimentally reported ones.
ones. Interestingly, 4 predicted anti-aging targets (MAPT, A recent study has suggested that myricetin can extend
LMNA, TP53, and NFKB1) suggest potential underlying anti-  lifespan in Caenorhabditis elegans via modulating aging-related
aging mechanisms by hesperetin. For example, a previous study  transcription factors (Buchter et al., 2013).

revealed that hesperetin modulated the aging-associated NF-kB
pathway in the kidney of rats (Kim et al., 2006).

Resveratrol
Resveratrol, a non-flavonoid polyphenol abundant in the skin
Myricetin of grapes, displays a broad spectrum of anti-aging effects

Myricetin, a common plant-derived flavonoid, displays several ~ (Gines et al., 2017). Currently, over 20 clinical trials (http://
pharmacological activities against aging-associated indications,  clinicaltrials.gov/) are being conducted or completed to treat
such as anti-aging (Aliper et al., 2016), antioxidant (Wang  aging or aging-associated disorders by resveratrol, such as
et al, 2010), anti-inflammatory (Lee et al, 2007), and anti-aging (NCT02523274 and NCT02909699), aging-associated
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FIGURE 4 | Chemical diversity analysis of natural products targeting aging-associated proteins. (A) Chemical structure clustering of 1,877 natural products via
FCFP_6 fingerprint; (B) The representative structures of 10 cluster centers during chemical structural clustering analysis.

macular degeneration (NCT02625376), and Alzheimer’s disease ~ new potential anti-aging mechanisms of resveratrol. For
(NCT01504854). Figure5 indicates that resveratrol interacts  example, two AAPs: estrogen receptor alpha (ER-alpha) and
with 12 AAPs: ESRI, HIF1A, HTT, LMNA, MAPT, MTOR,  cyclooxygenase-2 (COX-2), play crucial role on the pathogenesis
NFKBI, PIK3CA, PIK3CB, PTGS2, RELA, and TP53, suggesting  of several aging-associated diseases, such as Alzheimer’s disease

Frontiers in Pharmacology | www.frontiersin.org 51 October 2017 | Volume 8 | Article 747


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fang et al. Discovery of Natural Products for Aging-Related Diseases

ALOX15 MMP9 BACE1 a4

j § 4

cA4 4 4 PIK3CG
MMP2 « FLT3
L3MBTL1 ° CASA
ALDH1A1 T cAt
MTOR IRS1 e
ACHE MAPT - HTT : SMN1
KDM4E PIK3CB MAPK1 &80
MMP12 1 . CA9
TOP2A POLB ~
Resvera roI
GLO1 TSHR
PTGS1- \ T PIK3RY o
APOBEC3G Hésperetin \1{3017310
V/— ~-APEX1
—
GPR35" // - KARS
CASB - PIK3CA - MYLK
. A “ABCCH
7 MAPKi4  acid MAPKA10
THPO ~ MMP1
" TP53

LMNA 2
RAB9A TDP1
& ESR1 PTPNA1
NPC1 | HIF1A NQO2
PSIP1 Usp2

CcA14 ' ) CA13
RECQL ’ \Y_ 4 XDH
& KMT2AELAvVL1 HPGD &
Aging-associated proteins Non-aging proteins Natural product
ﬁ —_—

Known drug-target interction Predicted drug-target interction
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drug-target interactions connecting 4 natural products (caffeic acid, hesperetin, myricetin and resveratrol) and 70 targets (21 aging-associated proteins and 49
non-aging proteins).

and osteoporosis (Kermath et al, 2014; Kim et al, 2016).
Resveratrol was reported to bind to ER-alpha with a Ki value of
0.78 WM (de Medina et al., 2005) and inhibit COX-2 with an ICs

Taken together, aforementioned examples demonstrated that
network analysis could assist to identify new potential anti-aging
mechanisms of natural products. Systems pharmacology-based

value of 0.99 uM (Kang et al., 2009).

integration of drug-target networks and known AAPs would
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enable to identify new natural products for treatment of aging-
associated diseases.

Discovery of Potential Anti-aging
Indications for Natural Products with Novel

Mechanism-of-Action

We further built statistical network models for comprehensive
identification of new anti-aging indications of natural
products through integrating both experimentally reported
and computationally predicted drug-target network into the
curated APPs (see section Materials and Methods). Here,
we focused on 224 FDA-approved or clinical investigational
natural products annotated in DrugBank database (Law et al,,
2014). Table 2 summarizes number of the predicted anti-aging
indications for the experimentally reported drug-target network
only and the pooled data from both experimentally reported and
computationally predicted drug-network, respectively. We only
identified 56 natural products with significantly predicted anti-
aging indications (g < 0.05) using the experimentally reported
drug-target network, while we identified 143 natural products
with significantly predicted anti-aging indications (g < 0.05) via
integration of both experimentally reported and computationally
predicted drug-target networks (Table S8). Interestingly, among
143 natural products, 92 natural products cannot be identified
to have significant anti-aging indications using experimentally
reported drug-target network only, including some well-known
anti-aging natural products (e.g., metformin, vitamin E, and
huperzine A). We systematically retrieved previously anti-aging
reported data from PubMed for 73 FDA-approved natural
products out of 143 ones. The detailed experimental evidences
are provided in Table §9. Then we found 23 natural products
[with a success rate of 31.5% (23/73)] with reported experimental
data. This suggests a reliable accuracy of our proposed network
model. The remaining 50 natural products without experimental
data provide potential anti-aging candidates that deserve to be
validated by various experimental assays in the future.

In summary, we showed that integration of computationally
predicted drug-target network could improve the chance to
identify new anti-aging indications of natural products via
increasing completeness of current drug-target network. We next
chose three typical natural products (metformin, vitamin E, and

TABLE 2 | Summary of the newly predicted anti-aging indications of natural
products based on the experimentally reported drug-target network only (ExpNet)
and the combination of the experimentally reported and computationally predicted
(ExpNet&ComNet) drug-target networks, respectively.

Data source Number of DTIs (number # Nga) # Nga)
of targets, number of (g < 0.05) (g < 1/1079)
drugs)
ExpNet 1,163 (361,113) 56 28
ExpNet&ComNet 2,408 (494, 224) 143 87

Nsar denotes to the number of natural products with significantly predicted anti-aging
indication.

huperzine A) as case studies to illustrate the predicted anti-aging
indications with new mechanism-of-actions.

Metformin

Metformin, originating from Galega officinalis, is a biguanide
drug widely used in clinical practice for treating type-2 diabetes.
Nowadays, metformin is currently being tested as an anti-
aging drug in several clinical trials, such as NCT02432287
and NCT02308228 (Barzilai et al., 2016). Figure 6 shows that
metformin binds with 3 AAPs (BLM, HTT, and LMNA) and
3 non-APPs. In our network model, metformin was predicted
to have significant anti-aging indication (Z = 8.42, g < 107°)
via integration of one experimentally validated target and five
predicted ones. There is no significant anti-aging indication
for metformin based on experimentally validated DTI only.
Previous studies have shown that metformin extended lifespan in
several model organisms (Anisimov, 2013; Cabreiro et al., 2013;
Martin-Montalvo et al., 2013). Figure 6 shows several potential
anti-aging mechanisms of metformin, including inhibition of
the inflammatory pathway, activation of AMP-activated kinase
(AMPK), and inducing autophagy (Moiseeva et al., 2013; Foretz
etal.,, 2014; Song et al., 2015).

Vitamin E

Vitamin E, the most potent antioxidant, protects cells from
damage related to oxidative stress (La Fata et al., 2014). Vitamin
E supplementation has been reported to delay or prevent aging
and inflammatory aging-associated diseases via prolonging the
life span in several model organisms (Navarro et al, 2005;
Mocchegiani et al,, 2014). However, mechanism-of-action of
anti-aging effects by vitamin E remains unclear. Figure 6 shows
that vitamin E interacts with 2 known and 4 predicted targets,
consisted of 3 AAPs (TP53, LMNA, and MAPT) as well as 3 non-
AAPs. In our network model, vitamin E was predicted to show
potential for anti-aging indication (Z = 8.32, ¢ < 107°) based on
the pooled data of experimentally validated and computationally
predicted DTIs. However, there is no significance based on
experimentally validated DTIs only. Among 4 predicted targets,
TP53, a well-known AAP, regulates cell cycle progression,
apoptosis, and cellular senescence. A recent study reported
that vitamin E significantly down-regulated TP53 expression in
senescent cells, indicating a potential anti-aging mechanism of
vitamin E (Durani et al., 2015).

Huperzine A

Huperzine A (HupA), a natural acetylcholinesterase (ACHE)
inhibitor derived from Huperzia serrate, is a licensed anti-
Alzheimer drug in China (Qian and Ke, 2014). HupA was
reported to show various anti-inflammatory, neuroprotective,
and anti-aging properties (Ruan et al, 2013; Damar et al,
2016). Figure 6 reveals that HupA binds with one experimentally
reported target (ACHE) and 5 computationally predicted targets
(BCHE, GDA, LMNA, TOP1, and ADORA2A). Among five
predicted targets, LMNA and TOP1 are experimentally reported
AAPs (Li Y. et al, 2016). Here, HupA was predicted to have
significant anti-aging indication (Z = 5.47, ¢ = 0.031) via the
integration of both experimentally reported and computationally
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FIGURE 6 | A discovered anti-aging drug-target network for 3 typical natural products. This network displays the predicted anti-aging indications as well as the
known and predicted drug targets for three typical natural products: metformin, vitamin E, and huperzine A. The thickness of blue line between natural products and
anti-aging indication is proportional to the predicted Z-score (Equation 2, see section Materials and Methods).

predicted targets, while no significance using the experimentally ~DISCUSSION
reported targets alone. Oxidative stress accelerates the chronic
inflammatory process during aging and aging-associated diseases ~ Natural products are valuable pharmaceutical wealth and
(Cannizzo et al., 2011). A previous study showed that HupA  show great promise for developing anti-aging agents (Ding
alleviated oxidative stress-induced inflammatory damage in et al, 2017). In this study, we developed an integrated
aging rat (Ruan et al., 2014). systems pharmacology infrastructure to identify new
Put together, we have suggested that our network model  targets of natural products for treatment of aging-associated
provided a useful tool for systematic identification of natural ~ diseases. This computational infrastructure is consisted of
products for treatment of aging-associated disorders with  three key components: (i) reconstructing DTI networks of
novel molecular mechanisms. Some newly predicted anti-aging  natural products via integrating known and computationally
indications of natural products and the according mechanisms  predicted DTIs; (ii) curation of high-quality aging-associated
are suggested to be experimentally validated before clinical uses, ~human or orthologous genes from various aging-related
which we hope to be promoted by findings shown here. bioinformatics sources; (iii) building statistical network models
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to prioritize new aging-associated indications of natural
products through integrating data from aforementioned two
steps. Overall, this framework has several advantages. First,
we found that assembling computationally predicted drug-
target network could identify more significant anti-aging
indications for natural products by increasing completeness
of currently known drug-target network. Second, our systems
pharmacology-based approach is independent of three-
dimensional (3D) structure of targets, which can be applied in
human targets without known 3D structures (e.g., membrane
proteins).

There are still several potential limitations in the current
systems pharmacology model. First, antagonistic or agonistic
effects of drug-target pairs have not been considered. Drug-
induced gene expression database, such as the Connectivity Map
(CMap), has provided specific biological functions (upregulation
or downregulation) (Lamb et al., 2006). Integration of large-scale
gene expression profiles of natural products may help improve
performance of our network model (Cheng et al, 2016). In
addition, current approach can only predict the potential aging-
associated indications of natural products targeting known or
predicted AAPs. Integrating systems biology resources may assist
on identifying the growing potential AAPs by indirectly targeting
their neighbors in the human protein-protein interaction
network, gene regulatory network, or biological pathways (Li
et al, 2014; Li J. et al, 2016). Finally, we only focused on
three well-known natural products (metformin, vitamin E, and
huperzine A) with more available literature-reported data for
validation. Further in vitro or in vivo experimental assays should
be performed to validate the predicted DTIs and anti-aging
effects of natural products before preclinical and clinical studies.
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Increasing evidence shows that inflammation plays a vital role in the occurrence
and development of ischemia/reperfusion (I/R). Suppression of excessive inflammation
can ameliorate impaired cardiac function, which shows therapeutic potential for
clinical treatment of myocardial ischemia/reperfusion (MI/R) diseases. In this study, we
investigated whether Ginkgolide C (GC), a potent anti-inflammatory flavone, extenuated
MI/R injury through inhibition of inflammation. In vivo, rats with the occlusion of the left
anterior descending (LAD) coronary artery were applied to mimic MI/R injury. In vitro,
primary cultured neonatal ventricular myocytes exposed to hypoxia/reoxygenation
(H/R) were applied to further discuss the anti-H/R injury property of GC. The results
revealed that GC significantly improved the symptoms of MI/R injury, as evidenced
by reducing infarct size, preventing myofibrillar degeneration and reversing the
mitochondria dysfunction. Moreover, histological analysis and Myeloperoxidase (MPO)
activity measurement showed that GC remarkably suppressed Polymorphonuclears
(PMNs) infiltration and ameliorated the histopathological damage. Furthermore, GC
pretreatment was shown to improve H/R-induced ventricular myocytes viability and
enhance tolerance of inflammatory insult, as evidenced by suppressing expression of
CD40, translocation of NF-kB p65 subunit, phosphorylation of IkB-a, as well as the
activity of IKK-B. In addition, downstream inflammatory cytokines modulated by NF-
kB signaling were effectively down-regulated both in vivo and in vitro, as determined
by immunohistochemistry and ELISA. In conclusion, these results indicate that GC
possesses a beneficial effect against MI/R injury via inflammation inhibition that may
involve suppression of CD40-NF-kB signal pathway and downstream inflammatory
cytokines expression, which may offer an alternative medication for MI/R diseases.

Keywords: ginkgolide C, myocardial ischemia/reperfusion injury, inflammation, CD40, NF-xkB
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INTRODUCTION

Nowadays, cardiovascular disease becomes one of the leading
cause of disability and death worldwide, and one of the most
popular and dangerous cardiovascular diseases is myocardial
ischemia/reperfusion (MI/R) injury (Anzell et al., 2017; de
Waha et al, 2017). While prompt reperfusion is favorable
for myocardial salvage, ischemia/reperfusion (I/R) injury
which involved a strong inflammatory response may often
present itself as an adverse consequence (Liebert et al,
2017). According to the recent researches, an inflammatory
response severely ignites the whole process of MI/R injury by
accelerating generation of inflammatory factors and by boosting
inflammatory eruption simultaneously (Montecucco et al,
2017). A disturbed inflammatory stimuli is associated with poor
prognosis and increased tissue damage, may aggravate the degree
of I/R injury and it may seriously delay the recovery procedures
(Pantazi et al., 2016; Yarijani et al., 2017). Therefore, restoration
of cardiac dysfunction through modulation of inflammatory
pathways is a favorable therapeutic strategy against MI/R diseases
superimposed on other cardiovascular disease risk factors.

CD40, one member of tumor necrosis factor receptor (TNFR)
family, serves as a transmembrane type I receptor (Clark,
2014). Except for immune cells, CD40 has been similarly found
on endothelial cells, myocytes, epithelial cells, fibroblasts, and
monocytes (Senhaji et al., 2015). Tumor necrosis factor (TNF)-a,
Interleukin (IL)-1, Interferon (IFN)-y, CD40 ligand (CD40L)
and others inflammatory factors can regulate the expression of
CD40. Then, the abundant expression of CD40 in the cytoplasmic
domain will tend to TNF receptor-associated factors (TRAFs),
which consequently activates different signal pathways, such as
nuclear factor-kB (NF-kB), phosphoinositide 3-kinase (PI3K)
and MAPKs, in different stages of MI/R injury process (Jansen
et al,, 2016). Researches for near years have indicated that CD40
was closely related to the occurrence and development of many
diseases, including lung ailments, inflammatory kidney disease,
diabetes, coronary artery disease and arteriosclerosis disease
(Aloui et al., 2014; Mansouri et al., 2016; Michel et al., 2017).
However, few studies investigated the role of CD40 in the whole
inflammatory process induced by MI/R injury.

Increasing evidence suggested that NF-kB activation elevated
in the MI/R-related infarct area, inflammation was suppressed
when NF-kB activation was inhibited, and cardiac preservation
was provided (Zhang et al, 2017). IkB-a, which binds to
NEF-kB p65/p50 heterodimer in the cytoplasm under the rest
state, serves as an inhibitor of NF-«kB. Subsequently, IkB
kinase B (IKK-B) activation induces the phosphorylation and
degradation of IkB-a resulting in the translocation of NF-kB
from cytoplasm to nucleus, which will enhance synthesis
of various inflammatory cytokines, such as TNF-a, IL-1B,
IL-6, vascular cell adhesion molecule-1 (VCAM-1), intracellular
adhesion molecule-1 (ICAM-1) and inducible nitric oxide
synthase (iNOS), that act directly or indirectly to depress
cardiac function (Durand and Baldwin, 2017; Nennig and
Schank, 2017). However, many studies have reported that aspirin
possesses the strong anti-inflammatory properties through
inhibiting the transcription factor such as NF-kB (He et al,

2012). Moreover, neutrophils infiltration into the post-ischemic
myocardium has previously been related to the pathogenesis of
I/R injury. Reperfusion accelerates the recruitment of neutrophils
into the ischemic myocardium (Sivalingam et al, 2017).
Thus, suppressing neutrophils infiltration and NF-kB pathway
activation can diminish MI/R damage and possibly improve
myocardial function. From this evidence, it was reasonable to
speculate that NF-kB signal pathway played a key role throughout
the whole course of MI/R injury. Therefore, potent new agents for
treatment of MI/R injury via anti-inflammatory effect become an
imperative requirement.

Ginkgolide C (GC, Figure 1), isolated from Ginkgo biloba
leaves, is a flavone with multiple biological functions and has
a long application history in clinical therapy in Asia (Huang
et al, 2014). It was reported that GC exerted protection of
ischemic diseases, inhibition of platelet aggregation, prevention
of thrombus, anti-inflammation, and anti-allergy (Lau et al.,
2013; Liou et al, 2015). However, up to now, there is little
research on the relations between GC and MI/R injury, and the
exact mechanism of its anti-inflammatory protective effects is still
obscure to us.

Thus, taking into account activation of inflammatory response
during MI/R injury, we have not only investigated the protective
effect of GC both in vivo and in vitro, but also made great efforts
to clarify the potential mechanism. Considering the supposed
signal pathway of GC, aspirin which represents the prototype
of anti-inflammatory and MI/R protective effects was selected
as the positive control in this study. Left anterior descending
(LAD)-occlusion-induced myocardial infarction rat model was
established to imitate MI/R in vivo. Moreover, ventricular
myocytes treatment with hypoxia/reoxygenation (H/R) were
used to mimic I/R injury in vitro. To further explore the
mechanism, we also explored the role of CD40-NF-kB signal
pathway in the protection of ventricular myocytes treated
with H/R.

MATERIALS AND METHODS

Materials and Reagents

GC (PubChem CID: 161120), Aspirin (PubChem CID:
2244), 2, 3, 5-Triphenyltetrazolium chloride (TTC),
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) and chloral hydrate were bought from Sigma (St. Louis,
MO, United States). DMEM medium (high glucose) and
newborn calf serum were products of Gibco (Grand Island,

FIGURE 1 | Chemical structure of GC.
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NY, United States). Trypsin was purchased from Amresco
(Solon, OH, United States). TNF-a, IL-18 and IL-6 ELISA
kits were bought from Sigma (St. Louis, MO, United States).
Anti-ICAM-1, anti-VCAM-1, anti-iNOS, anti-CD40, anti-NF-kB
p65, anti-p-IkB-a, anti-IKK-f, anti-p-actin, anti-Histone, goat
anti-rabbit and anti-mouse IgG antibodies were purchased from
Santa Cruz (Santa Cruz, CA, United States). Nuclear-Cytosol
Extraction Kit and ECL plus kit was purchased from Jiancheng

In Vivo 1/R Procedure to Induce MI/R

Injury in Rats

MI/R surgery was precisely implemented according to the
procedure in Figure 2A. The rats were anesthetized with
3% sodium pentobarbital (40 mg/kg, i.p.) and mechanically
ventilated the lung with a rodent respirator. Holter monitoring
electrocardiogram was continuously used to monitor the changes

(Nanjing Jiancheng Bioengineering Inc., Nanjing, China)

Animals

Adult male Sprague-Dawley rats (250 £ 20 g) were provided
by Experimental Animal Center of Shandong University. Rats
were raised in a controlled environment (temperature 18-22°C,
humidity 40-70%) with a 12 h light-dark cycle and allowed to eat
and drink freely until the experiment. All the experiments were
approved by the ethics committee of the Shandong University

(Permission No. 2013-092).

of S-T segment in order to estimate the success of surgery.
After a left thoracotomy, a suture tied with a plastic tube was
twined round the LAD coronary artery to form a snare for
reversible LAD occlusion. According to procedure, transient
regional myocardial ischemia for 40 min was realized by straining
the suture, and reperfusion for 120 min was initiated by releasing
the suture and removing the tension. The blood samples were
collected before the rats were sacrificed.

Rats were randomly divided into 6 groups as follows
(n = 8 per group): Control group, non-I/R rats received saline;
I/R group, I/R rats received saline; Aspirin group, I/R rats

A Blood Sampling
Control Stabilization Sham Treat TTC
30 min 160 min Infarct Rate
0 30 190 (Time, min) Analysis
Saline
LAD Occlusion Administration Blood Sampling
Stabilization Ischemia Reperfusion
IIR 30 min 40 min 120 min Tic Infarct Rate
0 30 70 190 (Time, min) Analysis
Aspirin/GC
LAD Occlusion Administration Blood Sampling
P Stabilization Ischemia Reperfusion TTC
Aspirin/GC | ™30 in 40 min 120 min P
0 30 70 190 (Time, min) Analysis
B
Control D;ff# MTT ELISA/
Western Blot
0 28 (Time, h)
H/R procedure
HIR D-::Er Reoxyge':\atlon MTT ELISA/
Western Blot
0 24 26 28 (Time, h)
H/R procedure
Aspirin/GC Prelncubatiozll :f Aspirin/GC Reoxyge:atlon MTT ELISA/
Western Blot
0 24 26 28 (Time, h)
FIGURE 2 | In vivo I/R procedure (A) and in vitro H/R procedure (B).
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received 16 mg/kg of Aspirin; 8, 16, 32 mg/kg GC group,
I/R rats received 8, 16, 32 mg/kg of GC. Saline, Aspirin and
GC were administered intraperitoneally for 7 days before I/R
procedure.

Measurement of Infarct Size

Infarct size was assessed by TTC staining technique in
accordance with a previous study report (Panda et al., 2017).
After the completion of the experimental protocols, the
hearts were removed. The left ventricle area was sectioned
into five 2-3 mm-thick slices from the apex to the base.
The third slice was incubated in pH 7.4, 2% TTC at
37°C for 15 min. Viable tissue was stained to dark red
while the infarct area remained pale. Then, the area of
the infarcted tissues was demarcated and measured digitally
using Image-Pro Plus software (version 6.0, Media Cybernetic,
United States) by computerized planimetry. Infarct size was
calculated as the ratio of infarcted myocardium to the risk
region x 100%.

Transmission Electron Microscope (TEM)

Observation

The third heart slice was fixed in 3.0% glutaraldehyde buffered
fixative (pH 7.2) for 2-3 days. After being rinsed in PBS, the
specimens were embedded in Polybed 812. Then, 90 nm-thick
specimens were made and observed under electron microscope
(JEM-2000EX).

Histopathological Analysis and
Qualitative Observation of PMNs

Infiltration

The third heart slice was stained with hematoxylin and eosin
(HE) after fixation. The degree of histopathological damage
was assessed with pathological scores according to the criteria
reported by the previous study (Jiang et al., 2012). Scores from
0 to 5 represented no damage, mild damage, moderate damage,
severe damage and highly severe damage, respectively. The total
number of PMNs was also recorded simultaneously. The degree
of PMN:s infiltration of the area at risk was determined in three
random high-power fields (HPF).

Immunohistochemistry

The expressions of ICAM-1, VCAM-1 and iNOS were examined
by immunohistochemistry. In brief, the third frozen heart
slice incubated with anti-ICAM-1, anti-VCAM-1, and anti-
iNOS antibodies overnight at 4°C after being blocked by
10% normal serum. Then, anti-rabbit IgG was applied to
incubate the heart slices combined with primary antibody for
30 min. Consequently, immunohisochemical staining protocol
was applied to heart slice in accordance with the instructions.
Images were obtained using fluorescence microscope. The optical
density of positive staining area was quantified by Image-Pro
Plus software (version 6.0, Media Cybernetic, United States)
and the results were expressed as mean optical density
mean =+ SD.

Quantitative Determination of MPO

Activity

The homogenized tissue samples were sonicated to release the
MPO from tissue into the supernatant. Then, o-dianisidine
hydrochloride and hydrogen peroxide were added, after
that, MPO activity was tested at 460 nm according to
spectrophotometer method during a period of 3 min. The
number of PMNs was counted in three random high power

fields.

In Vitro H/R Procedure to Induce H/R

Injury in Ventricular Myocytes

Ventricular myocytes isolated from 1 to 4-day-old Sprague-
Dawley rats were treated with H/R injury according to
the procedure in Figure 2B. Trypsin enzymic digestion and
differential attachment methods were applied to separate and
purify the primary cultures of neonatal ventricular myocytes. The
cells at a final density of 1 x 10°/mL were cultured in a humidified
incubator (95% air/5% CO, at 37°C) in DMEM supplement
with 10% fetal calf serum, streptomycin (100 pg/mL), penicillin
(100 pg/mL) and 0.5 mM L-glutamine. Three days later, the cells
were incubated with DMEM (low glucose) in an oxygen-free
condition (95% N3/5% CO,) for 2 h (hypoxia). And then, the cells
were incubated with DMEM-F12 in a well-oxygenated condition
(95% air/5% CO;) for 2 h (reoxygenation).

The cells were randomly divided into 6 groups as follows (n =8
per group): Control group, non-H/R cells cultured in DMEM
medium; H/R group, cells treated with H/R procedure; Aspirin
group, H/R cells preincubated with Aspirin (10 pM) for 24 h; 1,
10, 100 pM GC group, H/R cells preincubated with GC (1, 10,
100 wM) for 24 h.

Reconstruction of CD40-Silencing
Ventricular Myocytes

When ventricular myocytes reached 80-85% confluence, the
cells in control group were transfected with pGPU6/Hygro
while other groups’ cells were transfected with pGPU6/Hygro-
CD40. The transfection should take 24 h using the GenePharma
Transfection Reagent before the pretreatment of GC, Aspirin and
H/R procedure.

Analysis of Cell Vitality

Cell survival of ventricular myocytes was determined by MTT
assay. After H/R procedure, 5 mg/mL MTT was added to
the medium to incubate the cells for 4 h at 37°C. MTT was
then removed, and cells were lysed with DMSO for 15 min.
Absorbance was tested at wavelength of 490 nm by a microplate
reader. Results were expressed as the percent of the optical density
(OD) of control cells.

Detections of TNF-«, IL-18, and IL-6

Following 120 min reperfusion, all rats were deeply anesthetized,
and blood samples were obtained. Cell supernatant was collected
from medium after H/R procedure. The concentrations of
TNF-a, IL-1P and IL-6 were detected by ELISA kits.
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Isolation of Cytoplasmic and Nuclear
Protein

Cytoplasmic and nuclear proteins from cells were extracted
by Nuclear-Cytosol Extraction Kit (Applygen Technologies Inc,
Beijing, China). Cultured medium from plates was removed
and astrocytes were detached with cold PBS and centrifuged
at 1000 rpm for 5 min at 4°C. Pellets were resuspended
in 200 pL of cytosol extraction buffer A and incubated on
ice for 10 min. Then, 10 pL cytosol extraction buffer B
was added, incubated on ice for 1 min and centrifuged at
1000 x g for 5 min at 4°C. The pellet contains crude nuclei.
The supernatant was transferred to a new tube and further
centrifuged at 12,000 x g for 5 min at 4°C. The supernatant
is cytoplasmic proteins. The crude pellet was washed once
with 100 pL cytosol extraction buffer A, spined for 5 min at
1000 x g and the supernatant was discard. Fifty microliter of
cold nuclear extraction buffer was added and incubated on ice
for 30 min. Finally, samples were centrifuged at 12,000 x g
for 5 min at 4°C and supernatants were collected as nuclear
proteins.

Western Blot for ICAM-1, VCAM-1, iNOS,
CD40, NF-kB p65, p-lkB-a, and IKK-B
Expression in Ventricular Myocytes

The quantity of total protein was assessed by BCA assay. Fifty
microgram of protein was loaded to SDS-PAGE gel and then,
transferred to a PVDF membrane. After being blocked with
5% skim milk, the membrane was incubated with primary
antibody (1:800) that recognized ICAM-1, VCAM-1, iNOS,
CD40, NF-kB p65, p-IkB-a and IKK-f proteins. After incubation
for 4 h at 37°C, horseradish peroxidase-conjugated secondary
antibody (1:1000) was added to the membrane and the immune
complexes was determined using an ECL plus kit. Images
were taken using the Gel Imaging System with Quantity One
software.

Statistical Analysis

All data values were expressed as the mean =+ standard
deviation (SD). Post hoc tests were used to assess the statistical
significance among means. Significance of difference between
groups was determined by ANOVA followed by Bonferroni
correction for multiple comparisons. Results were considered
to be statistically significant when P < 0.05. All statistical
figures were performed using Graph Pad Prism software
(Version 5.0).

RESULTS

GC Relieved the Outcomes of

MI/R-Induced Inflammatory Injury

GC Reduced Infarct Size in MI/R Rats

As shown in Figure 3, infarct size as a percentage of area
at risk was 44.1 £ 55% (P < 0.01 vs. control group) in
the I/R group, whereas administration with 8, 16, 32 mg/kg
GC dose-dependently decreased infarct size to 37.1 £ 4.9%
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FIGURE 3 | Effect of GC on infarct size in MI/R injury rat model. Treatment
with Aspirin and GC significantly reduced the infarct size in MI/R injury rat
model. Data were expressed as mean + SD (n = 8). #*P < 0.01 vs. control
group; *P < 0.05, **P < 0.01 vs. I/R group.

(P < 0.05), 26.9 + 3.1% (P < 0.01), and 22.1 = 5.8% (P < 0.01),
respectively, compared with the I/R group. The infarct size of
rats after administrated with 16 mg/kg Aspirin decreased to
9.7 £ 4.6% (P < 0.01) compared with I/R group. These findings
strongly suggested that GC was effective at ameliorating MI/R
injury.

GC Improved Cardiac Ultrastructural
Characterization in MI/R Rats

In the present study, mitochondrial alignment and myofibrillar
banding appeared normal in the control group (Figure 4Al).
However, in I/R group (Figure 4A2), mitochondria became
swelling and degeneration, crista fragmentation and nuclear
stained deeper. Z-band disalignment and myofibrillar
degeneration occurred. There was no significant change of
mitochondria and myofibrillar in Aspirin group (Figure 4A3).
In 8 mg/kg GC group (Figure 4A4), damages on mitochondria
and formation vacuoles alleviated. In 16 mg/kg GC group
(Figure 4A5), mitochondria showed mild separation of cristae
without swelling and vacuolation. In 32 mg/kg GC group
(Figure 4A6), only a few mitochondria showed swelling and
vacuolation.

GC Inhibited PMNs Infiltration in MI/R Rats

Pathological changes were applied to further evaluate the
protective effect of GC on MI/R injury. After I/R occurred, the
tissue in I/R injured area became necrotic, and the structure
of intercalated disk and gap junction was severely impaired.
However, treatment with GC and Aspirin could largely improve
the histological features caused by I/R injury, characterized by
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FIGURE 4 | Effects of GC on the ultrastructure of myocardial tissue, histopathological changes, myocardial PMNs counting and MPO activity.
(A1-A6) Representative transmission electron microscopy (TEM) observation of myocardial tissue injury for control group (A1), I/R group (A2), I/R + 16 mg/kg
Aspirin group (A3), I/R + 8 mg/kg GC group (A4), I/R + 16 mg/kg GC group (A5), I/R + 32 mg/kg GC group (A6). (B1-B6) Representative light microscopic
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appearance of rat myocardial histopathological morphology (HE staining; original magnification x 200) for control group (B1), I/R group (B2), I/R + 16 mg/kg Aspirin
group (B3), I/R + 8 mg/kg GC group (B4), I/R + 16 mg/kg GC group (B5), I/R + 32 mg/kg GC group (B6). (C) Effect of GC on histopathological scores, (D) effect of
GC on myocardial PMNs counting and (E) effect of GC on MPO activity. The location of the histological images was taken in the infarcted area. Data were expressed

as mean + SD (n = 8). #P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. I/R group.

TABLE 1 | Effects of GC on serum inflammatory cytokines after I/R in rats.

Group Dose (mg/kg) TNF-o (pg/mL) IL-18 (pg/mL) IL-6 (pg/mL)
Control 25.50 + 6.91 86.63 + 12.52 29.74 + 5.07
I/R 76.10 + 12.91## 257.23 + 18.69%# 95.87 + 4.80"*
I/R + Aspirin 16 31.41 + 6.99%* 102.92 + 7.31** 40.87 + 5.20*
I/R 4+ GC 8 63.01 + 6.93* 200.96 + 8.71** 87.55 + 4.50*
16 49.23 + 7.68* 156.96 + 13.88%* 67.53 + 5.34**
32 35.79 + 7.23* 129.58 + 7.05** 53.58 + 6.01**

Values were expressed as mean + SD (n = 8). #P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. I/R group.

alleviative inflammatory infiltration and recoverable structure
of ischemic myocardial tissue (Figures 4B1-B6). As shown in
Figure 4C, the histopathological scores were also decreased
significantly by 8, 16, 32 mg/kg GC group compared with
I/R group (P < 0.05, P < 0.01, P < 0.01). Above all,
the total numbers of infiltrated and adherent PMNs in GC

and Aspirin groups were remarkably less compared with
that of the I/R group, as well as the histopathological score
(Figures 4C,D).

To quantify neutrophilic infiltration, myocardial MPO
activity was subsequently investigated. Very low MPO activity
(1.21 £ 0.05 U/g protein) was tested in control group (Figure 4E).
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FIGURE 5 | Effect of GC on ICAM-1, VCAM-1 and iNOS expressions in
myocardial tissue after I/R procedure. The tissue was observed using a
microscope at a magnification x 400. (A) GC decreased the expression of
ICAM-1. (B) GC decreased the expression of VCAM-1. (C) GC decreased the
expression of INOS. There was a little expression of ICAM-1, VCAM-1 and
iINOS in myocardial tissue of the control group. The expressions of ICAM-1,
VCAM-1 and iNOS in I/R group were markedly increased. Administration of
GC exhibited reduced expressions of ICAM-1, VCAM-1 and iNOS compared
with the I/R group in a dose-dependent manner. Administration of Aspirin also
significantly decreased the expressions of ICAM-1, VCAM-1 and iNOS
compared with I/R group. The location of the histological images was taken in
the infarcted area. Data were expressed as mean + SD (n = 8). #¥P < 0.01 vs.
control group; *P < 0.05, **P < 0.01 vs. I/R group.

On the contrary, elevated MPO activity was found in I/R injured
group, indicating that remarkable neutrophil accumulation
appeared in the I/R area of the left ventricle (4.45 + 0.23 U/g
protein) (P < 0.01 vs. control group). However, compared with
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FIGURE 6 | Effects of GC on cell viability after H/R procedure. Data were
expressed as mean =+ SD (0 = 8). ##P < 0.01 vs. control group; *P < 0.05,
**P < 0.01 vs. H/R group.

the I/R group, pretreatment with GC 8 mg/kg (4.20 = 0.22 U/g
protein, P < 0.05), 16 mg/kg (3.75 = 0.30 U/g protein, P < 0.01),
32 mg/kg (2.22 + 0.20 U/g protein, P < 0.01) and Aspirin
16 mg/kg (1.80 £ 0.25 U/g protein, P < 0.01) could prevent
excessive MPO activity in myocardial tissue after I/R injury.

GC Inhibited Inflammatory Cytokines Overproduction
in Serum of MI/R Rats

The concentration of inflammatory cytokines following I/R
procedure in serum were detected by ELISA. Table 1 showed
that I/R injury elevated the levels of TNF-a by 2.98-fold
(P < 0.01), IL-1B by 2.97-fold (P < 0.01), and IL-6 by 3.22-
fold (P < 0.01), respectively, compared to control group. GC
(8, 16, 32 mg/kg) dose-dependently decreased the levels of
TNF-a by 17.2% (P < 0.05), 353% (P < 0.01) and 53.0%
(P < 0.01), respectively, IL-18 by 21.9% (P < 0.01), 39.0%
(P < 0.01) and 49.6% (P < 0.01), respectively, and IL-6 by 8.7%
(P < 0.05),29.6% (P < 0.01) and 44.1% (P < 0.01), respectively,
compared with I/R group. In Aspirin group, the levels of TNEF-
a, IL-1p and IL-6 were decreased by 58.7% (P < 0.01), 60.0%
(P <0.01) and 57.4% (P < 0.01), respectively, compared with I/R

group.

GC Downregulated Overexpressions of ICAM-1,

VCAM-1, and iNOS in Myocardial Tissue of MI/R Rats
Immunostaining was used to visualize the expressions of
ICAM-1, VCAM-1 and iNOS in myocardial tissue. Compared
with the control group, I/R procedure significantly increased the
expressions of ICAM-1, VCAM-1 and iNOS (Figure 5). However,
the administration of Aspirin remarkably reduced the damage to
myocardium and decreased the expressions of ICAM-1, VCAM-1
and iNOS compared with I/R group. Furthermore, pretreatment
with 8, 16, 32 mg/kg GC remarkably reduced the expressions
of ICAM-1, VCAM-1 and iNOS in contrast with I/R group.
These results indicated that GC could protect against I/R injury
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through inhibiting expressions of key inflammatory factors and
thus inhibiting inflammation.

GC Protected Ventricular Myocytes

against H/R-Induced Inflammatory Injury
GC Protected against Cell Insult after H/R Procedure
in Ventricular Myocytes

As shown in Figure 6, exposure of ventricular myocytes to
H/R procedure resulted in a markedly reduce in cell viability
(574 £ 5.0%, P < 0.01 vs. control group) as assessed by MTT
assay. Pretreatment with 1, 10, 100 M GC significantly increased
the viability of ventricular myocytes in a concentration dependent
manner (77.3 £ 6.9%, 83.5 & 9.6%, 942 + 5.0%, P < 0.01
vs. H/R group). Compared with H/R group, pretreatment with
Aspirin also significantly increased the cell viability (93.3 £ 6.7%,
P <0.01).

GC Inhibited Inflammatory Cytokines Overreleasing
after H/R Procedure in Ventricular Myocytes

As shown in Table 2, the production of TNF-a in H/R group
were markedly increased by 8.47-fold (P < 0.01vs. control group).
Pretreatment with 10 wM Aspirin and 1, 10, 100 M GC could
significantly reduce the levels of TNF-a by 68.3% (P < 0.01),
15.1% (P < 0.05), 22.4% (P < 0.01) and 71.0% (P < 0.01),
respectively, compared with H/R group. After treatment with
H/R procedure, the levels of IL-1f and IL-6 in H/R group
remarkably increased by 26.69-fold (P < 0.01) and 12.51-fold
(P < 0.01) compared with control group. Pretreatment with GC
at the concentration of 1, 10, and 100 uM dose-dependently
decreased the levels of IL-1B by 41.5% (P < 0.01), 52.9%
(P < 0.01), and 69.6% (P < 0.01), respectively, and IL-6 by 6.1%
(P <0.01),30.1% (P < 0.01), and 57.0% (P < 0.01), respectively,
compared with H/R group. In addition, 10 wM Aspirin reduced
the levels of IL-1p and IL-6 by 77.2% (P < 0.01) and 74.0%
(P < 0.01) in contrast with H/R group.

GC Inhibited the Expression Level of CD40

As shown in Figure 7A, H/R group revealed apparently higher
level of CD40 compared with control group. There was no
significant difference between H/R group and Aspirin group in
CD40 expression level. Nevertheless, 1, 10, 100 pM GC groups
significantly decreased CD40 level in response to H/R injury
(P <0.05,P <0.01, P <0.01 vs. H/R group).

GC Inhibited Overexpressions of ICAM-1, VCAM-1,
and iNOS after H/R Procedure in Ventricular
Myocytes

As shown in Figures 7B-D, the expressions of ICAM-1, VCAM-
1, and iNOS in ventricular myocytes significantly elevated to
about 8.16-fold (P < 0.01), 3.06-fold (P < 0.01), and 6.74-fold
(P < 0.01) after H/R procedure, compared with control group.
While pretreated with GC (1, 10, 100 pM) exhibited reduced
expressions of ICAM-1 by 19.1% (P < 0.05),41.3% (P < 0.01) and
85.5% (P < 0.01), VCAM-1 by 27.2% (P < 0.05),46.1% (P < 0.01)
and 54.3% (P < 0.01) and iNOS by 11.8% (P > 0.05), 43.8%
(P < 0.01) and 60.0% (P < 0.01) compared with H/R group in
a concentration-dependent manner. In addition, 10 pM Aspirin
reduced the levels of ICAM-1, VCAM-1 and iNOS by 82.4%
(P <0.01),59.3% (P < 0.01) and 70.1% (P < 0.01), respectively,
compared with H/R group.

GC Inhibited NF-kB p65 Translocation from Cytosol
to Nucleus

Activation of NF-kB pathway is thought to be a key signaling
event involved in the pathogenesis of MI/R. To determine
whether GC inhibited H/R-induced cardiac NF-kB activation, we
first examined the translocation of NF-kB p65 from cytoplasm to
the nucleus by western blot. As shown in Figures 7E,F, a relatively
high level of NF-kB p65 appeared in the cytoplasm of cells but
low levels in nucleus in control group. Translocation of p65
from the cytosol into nucleus was evident in H/R group, whereas
10 M Aspirin blocked this effect. As expected, such nuclear
translocation was also concentration-dependently decreased by
pretreatment of GC (1, 10, 100 wM). These results confirmed our
hypothesis that GC was able to inhibit the translocation of p65
subunit to nucleus upon an inflammatory stimulus such as H/R
injury.

GC Inhibited IkB-a Phosphorylation and IKK-8
Activity

NF-kB translocation is preceded by the phosphorylation and
ubiquitination of IkB-a, we then studied whether IkB-a was also
in relation to the effect of GC on NF-kB pathway activation.
First, we checked whether the total IkB-a had degradated. The
results showed that the total IkB-a in each group was not
different (Figure 7G). However, the level of p-IkB-a in H/R
group remarkably increased by 4.08-fold (P < 0.01 vs. control
group). In our study, we found a notably inhibitory effect on the
H/R-induced IkB-a phosphorylation in the presence of Aspirin

TABLE 2 | Effects of GC on the supernatant inflammatory cytokines of ventricular myocytes.

Group Concentration (nM) TNF-« (pg/mL) IL-18 (pg/mL) IL-6 (pg/mL)
Control 6.45 + 1.41 34.02 + 8.85 48.94 + 6.82
H/R 54.61 &+ 9.36" 907.96 + 32.08"# 612.16 £ 41.17%
H/R + Aspirin 10 17.33 4+ 3.92* 207.46 4+ 81.12** 159.03 + 9.08**
H/R + GC 1 46.38 + 4.08* 531.29 + 54.70** 574.98 + 48.95%*
10 42.35 + 4.47* 427.73 £ 43.31** 427.75 + 42.88**
100 15.86 + 2.91** 275.89 + 78.23** 263.16 + 15.52**

Values were expressed as mean + SD (n = 8). #P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. H/R group.
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FIGURE 7 | Effects of GC on the expressions of CD40, ICAM-1, VCAM-1, iNOS, NF-«B p65, p-IkB-a and IKK-B by Western blot after H/R procedure.

(A) GC decreased the expression of CD40. (B) GC decreased the expression of ICAM-1. (C) GC decreased the expression of VCAM-1. (D) GC decreased the
expression of INOS. GC blocked the translocation of NF-kB p65 from cytosolic (E) to nuclear (F). (G) GC down-regulated the expression of p-lkB-a. (H) GC
decreased the expression of IKK-g. CD40, ICAM-1, VCAM-1, iINOS, p-IkB-a and IKK-B proteins were measured in cytosolic extract. The NF-kB p65 protein levels
were assayed separately in cytosolic and nuclear extracts. Results were expressed as Protein/reference protein ratio. Data were expressed as mean + SD of three
independent experiments. ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. H/R group.
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and GC. The results showed that Aspirin (10 pM) and GC (1,
10, 100 wM) all reduced the expressions of p-IkB-a by 68.9%
(P < 0.01), 25.8% (P < 0.01), 34.7% (P < 0.01) and 55.2%
(P < 0.01) compared with H/R group. These results indicated that
GC could produce suppressive effect on NF-kB by disturbing the
phosphorylation of IkB-a.

Substantial evidence unequivocally shows that a wide
variety of influential factors regulate the activity of NF-kB,
especially IKK-B. Then, we investigated the effect of GC on
IKK-B activity. The results revealed a significant inhibitory
effect on the H/R-induced IKK-f activation in the presence
of GC (Figure 7H). The level of IKK-$ in H/R group
remarkably increased by 5.34-fold (P < 0.01 vs. control
group). In contrast, pretreated with Aspirin (10 pM) and
GC (1, 10, 100 wM) reduced the expressions of IKK-B (by
66.1, 28.9, 47.6, and 73.8%) (P < 0.01) compared with H/R
group. These findings indicate that GC could mediate IKK-f
activity.

GC Failed to Alleviate H/R-Induced
Ventricular Myocytes Inflammatory Injury
in the Presence of CD40 Gene Silencing

GC Could Not Elevate Cell Viability in the Presence of
CD40 Gene Silence

The cell viability in H/R + CDA40 silencing group was significantly
lower than that in control group (P < 0.01). After the procedure
of CD40 gene silence, GC could not increase the cell viability
against to H/R injury (Figure 8A).

Successful and Stable CD40 Gene Silencing in
Ventricular Myocytes

The ventricular myocytes preincubated with pGPU6/Hygro
expressed little CD40 after transfection in control group, and
preincubation of pGPU6/Hygro-CD40 successfully and stably
inhibited CD40 expression in all groups (Figure 8B).

GC Could Not Inhibit Inflammatory Factors
Expression in the Presence of CD40 Gene Silence
The expressions of TNF-a, IL-1f, IL-6, ICAM-1, VCAM-1 and
iNOS in H/R 4 CD40 silencing group were significantly elevated
compared with control group. After the procedure of CD40 gene
silencing, GC could not regulate the expressions of TNF-a, IL-1p,
IL-6, ICAM-1, VCAM-1 and iNOS (shown in Figure 8 and
Table 3).

GC Had No Effect on NF-kB p65 Translocation, lkB-«
Phosphorylation and IKK-g Activity in the Presence of
CD40 Gene Silence

H/R + CD40 silencing group procedure significantly
affected the translocation level of NF-kB, activation of
IkB-a phosphorylation and up-regulation of IKK-B activity.
Nonetheless, all GC groups showed no difference in NF-kB
p65 translocation, IkB-a phosphorylation and IKK-f activity
compared with H/R + CD40 silencing group (shown in
Figure 8).

DISCUSSION

This is the first investigation studied on I/R rats subjected to GC
to examine whether GC exerts significant protective effect against
MI/R injury in vivo, whether CD40 is down-regulated by GC
on ventricular myocytes in response to H/R injury in vitro, and
whether NF-kB signal pathway plays a considerable role in the
whole pathogenesis.

It has been broadly illuminated that inflammation played
a vital role in the entire process of MI/R injury, and its
effects refer to myocytes dysfunction, inflammatory cytokines
overexpression, neutrophil accumulation and myocardium
ischemia (Mohanta et al, 2014; Gragnano et al, 2017; Ma
et al., 2017). Knowledge of the molecular mechanism underlying
the proinflammatory processes of MI/R injury outlined above
remains incomplete. However, information does exist regarding
distinct signal pathways affected, including the activation of
NF-kB signal pathway.

Ginkgo biloba is a unique tree species with no close living
relatives and extracts of its leaves contain anti-inflammatory
compounds including glycosides and terpenoids known as
ginkgolides and bilobalides which have been reported to possess
the properties of anti-cerebrovascular and anti-cardiovascular
diseases (Ran et al., 2014). And, the different types of ginkgolides
(A, B, C, J, and M) are the main pharmaceutical effective
ingredients playing major part in the established medicinal
functions of G. biloba extracts (Li et al., 2017b). Among them,
the pharmacologic effects of GA and GB have been studied
deeply now, especially focusing on their anti-inflammatory effects
applied to treatment of vascular diseases (Yao et al, 2015;
Anderson and Morrow, 2017; Li et al., 2017a). Nevertheless,
GC which possesses the similarity chemical structure to GA
and GB has not attracted the attention of us so far. Here, GC
is investigated whether it possessed a strong anti-inflammatory
property, which may be one of its molecular mechanisms of how
GC exerts a protective effect in the pretreatment of MI/R injury.

It is clear that lack of blood to heart results in insufficient
blood and oxygen transmitted to the beat of the heart muscle,
named ischemia, following by damage or dysfunction of the
cardiac tissue (Hansen, 1995). In addition, in this study we
investigated the effect of GC in a rat model of MI/R injury in
a prophylactic approach. Here, we uncovered that pretreatment
with GC at 8, 16, 32 mg/kg per day for 7 days protected rat
from I/R insult by occlusion of LAD coronary artery, through
reduction of infarct size and improvement of myocardium
damage. One of the most critical and accepted indicators
reflecting therapeutic effect of MI/R injury is reduction of
infarct size. In this study, our findings certified that GC was
an eflicient and promising target drug for prevention of MI/R
injury via significant reduction of infarct size. GC also improves
the ischemic myocytes damage and inhibits reperfusion-induced
energy metabolism dysfunction, at least to a certain extent
via suppression of myofibrillar degeneration and restoration
of myocardial ultrastructure. Moreover, our recent research
clearly provides additional and strong support that G. biloba
has an irreplaceable role in the therapy of diseases as a valuable
herb.
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TABLE 3 | Effects of GC on the supernatant inflammatory cytokines of ventricular myocytes under the condition of CD40 gene silencing.

Group Concentration (nM) TNF-o (pg/mL) IL-18 (pg/mL) IL-6 (pg/mL)
Control 6.64 + 0.94 35.40 £ 7.11 48.42 +9.09
H/R + CD40~ 70.08 + 11.39%* 1036.01 + 105.01% 603.53 4 59.57##
H/R + GC + CD40~ 1 69.27 + 5.88 1041.32 + 62.15 600.48 + 107.81
10 68.88 + 7.47 1037.66 £ 52.72 601.44 + 80.31
100 68.56 + 4.19 1023.08 + 72.66 598.30 + 60.98

Values were expressed as mean + SD (n = 8). #P < 0.01 vs. control group.

Importantly, neutrophils “shoot at first sight” releasing
reactive oxygen species and proteases, thereby causing extensive
collateral damage to the ischemic myocardium and increasing
infarct size (Stakos et al., 2015). Therefore, adherence of PMNs
is identified as the beginning of a series of chain reaction
after I/R injury. What is more, a large extent by PMNs
infiltrating is a main inflammation response after MI/R. Activated
PMNs will lead to a mass of inflammatory mediators’ release,
which may directly result in the necrosis and apoptosis of
myocytes (Hiroi et al, 2013; Xiao et al, 2017). Suppression
of PMNss infiltration diminishes MI/R damage and potentially
offers myocardial protection. In the present study, we found a
significant aggravation of histopathological damage in in vivo
model, indicating that there was a definite relationship between
PMNs infiltration and MI/R injury. Whereas, administration
with GC to rats could remarkably alleviate this situation that
leukocyte infiltration was effectively attenuated, as determined by
histopathological scores and the counting of PMNSs. In addition,
MPO activity which correlates closely with the number of
neutrophils present in the heart was also evaluated. This result
corresponds with respective histopathological scores data. Our
investigation may provide a new insight: the potential use of GC
as a cardio protective strategy to attenuate PMNs infiltration is
clinically feasible for the prevention of MI/R injury.

Moreover, in vitro, we further applied H/R-treated ventricular
myocytes to stimulate I/R injury in vivo thereby confirming
the cardioprotective property of GC. Primary cultured neonatal
ventricular myocytes stimulated by H/R were further applied to
explore the anti-I/R injury property of GC in vitro. Increasing
evidence suggests that inflammatory and immune responses have
a profound impact on the damage process of myocytes directly
exposed to H/R which had a strong influence on MI/R injury
(Jin et al., 2017). Thus, based on the above reasons, H/R-induced
ventricular myocytes in vitro model was applied to explore
whether GC had protected cells from inflammatory damage
caused by MI/R injury. In this study, we stated for the first time
that GC increased cell viability after I/R-like insult, suggesting
GC can elicit anti-MI/R injury effects by promoting tolerance and
viability of cells injured by H/R-induced inflammation.

NF-kB could induce the transcription and expression of
multiple cytokines related to immunity and inflammation and
other relative gene so as to cause heart damage following
pathologic process of I/R injury (Gao et al, 2016). However,
there is some evidence that inhibition of NF-kB improves left
ventricle (LV) remodeling and contributes to a decrease in cardiac
dysfunction after MI/R injury (Lu et al., 2016). Moreover, an

extensive body of research has demonstrated that inhibition of
the indirect signal pathways mediated by NF-kB signaling can
sharply suppress the inflammation after MI/R injury (Hayden
and Ghosh, 2014; Xie et al,, 2015). Furthermore, there is the
certainty that phosphorylation of IkB-a acts as the trigger of
NE-kB p50/p65 heterodimers™ translocation from cytoplasm to
the nucleus (Mitchell and Vargas, 2016). Many studies have
shown that aspirin treatment caused a strong decrease in NF-
kB activation, inhibitor of IkB-a phosphorylation together with
translocation of NF-kB p65 to nucleus and IKK-$ activation
(Shi et al., 2017). And many studies have shown that aspirin
could improve I/R injury indexes as a positive and meaningful
drug in the treatment of cardiovascular and cerebrovascular
diseases (Basili et al., 2014). So we chose aspirin as the positive
control to compare with the effect of GC in order to elucidate
the exact mechanism. These conclusions are supported by our
studies, where H/R group obviously elevated translocation of
NF-kB p65, indicating an increased transcriptional activity of
p65, whereas GC and aspirin effectively reversed this activated
effect. In addition, stimulation with H/R procedure resulted in
IkB-a phosphorylation and degradation, which was blocked by
pretreatment with GC and aspirin. These results demonstrate that
the molecular regulation of GC for I/R-induced inflammation
involves in the inhibition of the NF-kB signal pathway, as shown
by the reduction in phosphorylation of IkB-a and translocation
of NF-kB p65.

It is now clear that NF-kB signaling is tightly regulated at
the level of IkB phosphorylation. The IKK complex, composed
of IKK (a, B, and vy), is activated by phosphorylation of IKK-a
or IKK-f on serine residues within their activation loops either
by upstream kinases or through autophosphorylation (Kondylis
et al., 2017). The activated complex goes on to phosphorylate
IkB-a, causing its ubiquitin-mediated degradation and release
of the NF-kB subunits (Yang et al., 2017). And lots of evidence
has shown that aspirin’s inhibitory effect of NF-kB has a close
relationship with downregulation of IKK-f activity (Gao et al.,
2014). Then, we detected whether GC has the similar impact
like aspirin on IKK-f activity. Interestingly, IKK-B could also
be inhibited by GC in H/R-induced intact ventricular myocytes.
Therefore, we concluded that one of the anti-inflammatory
targets of GC was IKK-B/NF-«B signaling.

Indeed, much evidence was given that activation of
NF-kB occurred at the very early stages of I/R process and
then sequentially modulated the occurrence of downstream
inflammatory factors (Hostager, 2007). Therefore, we performed
immunostaining and ELISA analyses to check whether GC
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could inhibit the inflammatory chain reaction caused by
NF-kB-dependent gene transcription after I/R procedure.
Our findings revealed that GC exerted its cardioprotective
effects by an inhibitory mechanism that acted on excretion
of pro-inflammatory mediators (TNF-a, IL-1f and IL-6) and
expression of inflammatory proteins (ICAM-1, VCAM-1 and
iNOS) through the NF-kB dependent pathway of inflammation.
This is in accord with the investigation that studies the effects
of GC on H/R-induced ventricular myocytes model in vitro. It
means that, GC plays a protective role in the management of
MI/R injury by blocking NF-kB pathway.

CD40 signaling is now widely accepted as a model
of the non-canonical NF-kB pathway, which will strongly
trigger its downstream signaling events (Jiang et al, 2011).
More importantly, the expression of myocardial CD40 could
significantly increase in the whole progression of inflammatory
cardiovascular diseases (Hostager and Bishop, 2013). Therefore,
CD40-mediated NF-kB activation is thought to be responsible
for the massive inflammation and tissue damage after MI/R
injury, and considered to be a valuable and promising therapeutic
target against MI/R injury. Interestingly, we found that GC

significantly down-regulated the expression of CD40 compared
with H/R group.

According to the fact, we concluded that CD40 played the
vital role in regulating inflammation for ventricular myocytes in
response to H/R injury. Therefore, we silence the CD40 gene in
ventricular myocytes stimulated by H/R to verify our hypothesis.
As we expected, the cardioprotective effect of GC disappeared
after CD40 gene was silenced. Consequently, it was evident that
GC protected heart from MI/R injury through inhibiting NF-kB
pathway via CD40. It is also consistent with other investigations
reporting that inhibition of CD40 reduces the activation of
NF-«B.

Taken together, our results obtained from this work
demonstrated that GC protected rat from inflammatory insult
by occlusion of LAD coronary artery and inhibited H/R-induced
inflammatory damage to ventricular myocytes through blocking
CD40 dependent NF-kB signal pathway on the basis of following
evidence: (1) GC improved cardiac outcomes of MI/R injury
and alleviated PMNs infiltration in rats, (2) GC inhibited
overproduction of inflammatory factors (TNF-a, IL-1p and IL-6)
and overexpression of inflammatory proteins (ICAM-1, VCAM-1

— activation; —e inhibition.

FIGURE 9 | Schematic diagram describing the mechanism in the inhibitory effect of GC on H/R-induced ventricular myocytes inflammatory injury:
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and iNOS) both in vivo and in vitro, (3) CD40 was down-
regulated in ventricular myocytes in response to H/R injury,
and (4) such effects were dependent on regulating CD40-NF-«kB
pathway (Figure 9).

CONCLUSION

GC can exhibit significant cardioprotective effects through
reducing infarct size, inhibiting inflammatory response,
improving myocardial histological structure and alleviating
PMNs infiltration during I/R injury. Inhibition of excessive
inflammation via suppressing CD40/NF-kB signal pathway
should be the key mechanism of GC in the protective of MI/R
injury. Thus, GC will be a prospective and preventive agent in the
management of MI/R injury.
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Osteoarthritis (OA) is a common debilitating joint disorder worldwide without effective
medical therapy. Articular cartilage and subchondral bone act in concert as a functional
unit with the onset of OA. Halofuginone is an analog of the alkaloid febrifugine
extracted from the plant Dichroa febrifuga, which has been demonstrated to exert
inhibition of SMAD 2/3 phosphorylation downstream of the TGF-f signaling pathway
and osteoclastogenesis. To investigate whether halofuginone (HF) alleviates OA after
administration by oral gavage, 3-month-old male mice were allocated to the Sham group,
vehicle-treated anterior cruciate ligament transection (ACLT) group, and HF-treated ACLT
group. The immunostaining analysis indicated that HF reduced the number of matrix
metalloproteinase 13 (MMP-13) and collagen X (Col X) positive cells in the articular
cartilage. Moreover, HF lowered histologic OA score and prevented articular cartilage
degeneration. The micro-computed tomography (wCT) scan showed that HF maintained
the subchondral bone microarchitecture, demonstrated by the restoration of bone
volume fraction (BV/TV), subchondral bone plate thickness (SBP.Th.), and trabecular
pattern factor (Tb.Pf) to a level comparable to that of the Sham group. Immunostaining
for CD31 and nCT based angiography showed that the number and volume of vessels in
subchondral bone was restored by HF. HF administered by oral gavage recoupled bone
remodeling and inhibited aberrant angiogenesis in the subchondral bone, further slowed
the progression of OA. Therefore, HF administered by oral gavage could be a potential
therapy for OA.

Keywords: osteoarthritis, articular cartilage, subchondral bone, TGF-81, halofuginone

INTRODUCTION

Osteoarthritis (OA) is the most common degenerative condition of the weight-bearing joints,
characterized by pain and loss of function (McAlindon et al., 2014). Date from the Third National
Health and Nutrition Examination Survey in USA showed that the prevalence of knee joint OA
was 12.1% (Pereira et al., 2011). In Asia, knee joint OA affects an estimated 5.7 and 4.4% of men
and 10.3 and 19.2% of women in China and Korea respectively (Tang et al., 2015; Lee and Kim,
2017). It's been estimated that the cost of OA treatment is up to 25-50% of a country’s GDP
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(Puig-Junoy and Ruiz Zamora, 2015). The annual average direct
cost of OA management varies from $1,442 to $21,335 per
person (Xie et al., 2016). Currently, effective disease-modifying
therapy for OA is still lacking, leaving pain management and
joint replacement as the last option for end-stage OA (Bijlsma
et al, 2011; Carr et al, 2012). The pathogenesis of OA is
not well understood (van den Berg, 2011), and an improved
understanding is greatly needed to develop preventative and
effective therapeutic interventions for early-stage OA.

Although maintenance of the articular cartilage is the
primary concern of OA treatment, this disease affects
the entire joint (Loeser et al., 2012; Findlay and Kuliwaba,
2016). The characteristic pathological changes in OA include
articular cartilage degeneration, subchondral bone sclerosis,
inflammation, and osteophyte formation (Goldring and
Goldring, 2016; Robinson et al., 2016). The articular cartilage
and subchondral bone act as a functional unit that transfers the
load during weight-bearing and joint motion (Madry et al., 2010;
Lories and Luyten, 2011). The subchondral bone, which plays
a pivotal role in the initiation and progression of OA, exhibits
changes prior to those seen in the articular cartilage (Goldring
and Goldring, 2007; Loeser et al., 2012). The subchondral
bone is located immediately beneath the CC and can adapt
its structural and functional property during modeling and
remodeling in response to mechanical stress (Burr and Gallant,
2012).

The temporally and spatially regulated osteoclast and
osteoblast activity guarantee the integrity of the subchondral
bone (Cao, 2011). Osteoclasts remove bone and, thereby,
form the bone marrow microenvironment, which is followed
by targeted osteogenesis and angiogenesis for subsequent
osteoblast bone formation (Tang et al., 2009). Alterations in
the underlying subchondral bone that eventually affect the
overlying articular cartilage occur under certain conditions
such as ligament injury, overweight individuals, and age-
related weakening of muscle strength (Burr and Radin,
2003).

Transforming growth factor 1 (TGF-B1) is a polypeptide
member of the TGF superfamily of cytokines and (de Caestecker,
2004) high levels have detrimental effects on adult joints.
Itayem et al. (1999) reported that injecting TGF-B1 into
the knee joints of adult rats resulted in the onset of OA.
Maeda et al. (2011) found that elevated TGF-B1 levels were
harmful to the tendon. Therefore, maintaining physiological
levels of TGF-B1 in the subchondral bone is crucial. TGF-§1
has been noted to be an important coupling factor of bone
resorption and formation and is activated unduly by elevated
osteoclast bone resorption when mechanical loading is altered.
High levels of active TGF-B1 in subchondral bone uncouples
bone remodeling, which further adversely affects the overlying
articular cartilage (Zhen et al., 2013). Besides, elevated TGF-f1
activity has been shown to promote angiogenesis and abnormal
angiogenesis in subchondral bone is a known pathological
feature of OA (Arnoldi et al., 1972; Cunha and Pietras, 2011).
Therefore, targeting excessively elevated TGF-B1 signaling in the
subchondral bone attenuates the progression of OA (Xie et al,,
2016).

Halofuginone (HF) is an analog of the alkaloid febrifugine,
which was originally isolated from the plant Dichroa febrifuga
(Pines and Nagler, 1998) and it is used in commercial poultry
production worldwide (Pinion et al., 1995). Increasing attention
has been focused on this small molecule because of its beneficial
biological activity. HF has been shown effective in treating
fibrotic disease, e.g., chronic graft-vs.-host disease and AIDS-
related Kaposi sarcoma in human clinical trials (Pines et al.,
2003; Koon et al.,, 2011). It is reported to play an important
role in inhibiting fibrosis and the transition of fibroblasts
to myofibroblasts by inhibiting SMAD 2/3 phosphorylation
downstream of the TGF-B signaling pathway (Pines, 2008,
2014). Besides, HF has been shown to exhibit antiangiogenesis
effect from in vivo and in vitro study through inhibiting
sequential events involved in the angiogenic cascade, such as
MMP-2 expression, basement membrane invasion, capillary tube
formation and deposition of sub-endothelial ECM (Abramovitch
et al., 1999; Elkin et al., 2000; Spector et al., 2010). Moreover, HF
has also been demonstrated to inhibit TH17 cell differentiation
by activating the Amino Acid Starvation Response (Sundrud
et al., 2009). The intraperitoneal administration of HF has been
shown to attenuate OA progression in one instance by targeting
elevated subchondral bone TGF-B1 activity in a rodent OA
model (Cui et al., 2016). The oral route of administration is
a common, convenient, and noninvasive treatment procedure
used in scientific experimentation, although it is not always
as efficient as other more invasive ways. The aim of the
present study is to investigate the potential attenuation of OA
progression by HF following administration by oral gavage in
a rodent anterior cruciate ligament transection (ACLT) model,
which may provide evidence to support the oral route as an
alternative route of HF administration for potential clinical
application.

MATERIALS AND METHODS

Mice

Three-month-old male C57BL/6 mice were purchased from
Vital River and maintained in an animal room on a 12-h
light/dark cycle with a temperature and humidity of 25 =+
2°C and 55%, respectively. The mice were provided with
food and water ad libitum and subsequently divided into the
Sham group, vehicle-, and HF-treated OA groups (n = 6-
8 per group). Before the surgery to establish the OA model,
the mice were anesthetized using a combination of ketamine
and xylazine (80/10 mg/kg) administered intraperitoneally.
Following a parapatellar incision, the anterior cruciate ligament
(ACL) of the right knee was transected using a pair of
microscissors to establish the OA model. Then, the joint
capsule and skin were sutured separately. For the Sham group,
after anesthesia, a sham operation was performed on each
mouse, which is, making the parapatellar incision in the
right knee joint to expose the ACL, followed by the joint
capsule and skin sutured separately without transecting the
ACL. After the surgery, the mice were exposed to heat and
were monitored until they recovered from the anesthesia.
The mice were checked daily postoperatively to monitor their
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general health, pain, discomfort, and development of infections.
To select the HF dose, a single-dose acute toxicity test was
performed in C57BL/6 male mice of 3-month-old and the
median lethal dose (LDsp) was calculated by the method of
Bliss (Pinion et al, 1995). HF hydrobromide (17395-31-2,
Watson & Noke) was administered at single doses of 1.068,
1.424, 1.898, 2.531, 3.375, 4.5, and 6 mg/kg body weight by
oral gavage, followed by a 14-day observation (n = 13/group).
After the dose range selection, HF hydrobromide at three
different doses or an equivalent volume of distilled water was
administered by oral gavage every other day for 30 days after
postoperative day 2. The mice were euthanized 30 and 60
days postoperatively. All the animal experiment protocols were
reviewed and approved by the Institutional Animal Care and
Use Committee of First Affiliated Hospital of Xinjiang Medical
University.

Histochemistry, Inmunohistochemistry,

and Histomorphometry

Following euthanasia, the right knee joints of the mice were
harvested, fixed in 10% buffered formalin for 24 h, and then the
specimens were decalcified in 10% ethylene diamine tetraacetic
acid (EDTA, pH 7.3) for 21 days, followed by embedment
in paraffin (Leica), sagittally. Then, 4-pm-thick serial sections
of the medial compartment of the right knee joint were
processed for Safranin O—Fast Green, and hematoxylin and
eosin (H&E) staining. The tidemark was defined as the boundary
between the non-calcified and calcified cartilage (CC). The
distance between the surface of the articular cartilage and
the tidemark was defined as the thickness of the hyaline
cartilage (HC), whereas the thickness of the CC was defined
as the distance between the tidemark and the subchondral
bone plate (SBP). The thickness parameters mentioned above
was measured under 10 x magnification. Tartrate-resistant acid
phosphatase (TRAP) staining was also performed following
a standard protocol (Sigma-Aldrich). A standard protocol
was used to perform the immunohistochemical analysis. The
sections were incubated with primary antibodies against matrix
metalloproteinase 13 (MMP-13) (Abcam, ab39012, 1:100),
collagen X (Col X, Abcam, ab58632, 1:100), phosphorylated
Smad2/3 (pSmad2/3, Santa Cruz Biotechnology Inc., 1:40),
osterix (Abcam, 22552, 1:500), and CD31 (Abcam, ab28364,
1:100) overnight at 4°C. Subsequently, a horseradish peroxidase-
streptavidin detection system (ZSGB BIO) was used to detect the
immunoactivity, followed by counterstaining with hematoxylin
(ZSGB BIO). A histomorphometric measurement was performed
on the entire tibial subchondral bone using an Olympus
DP26 microscope, and the quantitative analysis was conducted
in a blinded way using cellSens software (Olympus, Int.).
The total and positively stained chondrocyte numbers were
calculated in the entire articular cartilage for MMP-13 and
Col X analysis, whereas the pSmad2/3- and osterix-positive
cells in the subchondral bone were counted in three views
per specimen for the analysis. The histologic score of OA in
medial tibial plateau was calculated as described by Glasson et al.
(2010).

Micro-Computed Tomography (L CT)

Analysis

The entire right knee joint of the mice was dissected with
the soft tissue removed, and then fixed in 10% buffered
formalin overnight. Then, the specimen were scanned by
micro-computed (WCT, Skyscan 1176). The images were
reconstructed (NRecon, v1.6), analyzed (CTAn, v1.9), and
the data were analyzed further using three-dimensional (3D)
model visualization (CTVol, v2.0). The micro-CT scanner
was set at a voltage of 50 kVp, filter of 0.5mm Al, and
resolution of 9 pm/pixel. The sagittal view of the entire
medial compartment of the tibial subchondral bone was used
for the 3D histomorphometric analysis and the structural
parameters analyzed were the trabecular thickness (Tb.Th), bone
volume/total tissue volume (BV/TV), and Tb. pattern factor
(Tb.Pf).

wCT Based Microangiography

After the mice were euthanized, the thoracic cavity of the
mice was opened and a needle was inserted into the left
ventricle, through which the vascular circulation system was
flushed with 0.9% normal saline containing heparin sodium
of 100 w/ml. Then the vascular circulation system was
flushed with 10% neutral buffered formalin, followed by the
radiopaque silicone rubber compound containing lead chromate
(Microphil MV-122, Flow Tech). The mice were stored at
4°C overnight and then the knee joints were harvested and
fixed in 10% neutral buffered formalin for 4 d. Then the
specimen were decalcified in a rapid acid decalcifier solution
(Rapid Cal Immuno, ZSGB-BIO) for 3 d in order to facilitate
image thresholding of the vasculature from the surrounding
tissues. wWCT imaging system (WCT, Skyscan 1176) were
used to obtain images and the wCT scanner was set at a
voltage of 45 kVp, filter of 0.2mm AI, and resolution of 9
pwm/pixel.

Statistics

The data are presented as the mean =+ standard deviation (SD).
One-way analysis of variance (ANOVA) with a significance
level of 0.05 was used to determine whether the difference
among different groups was statistically significant. The statistical
package for the social sciences (SPSS) 22.0 (SPSS Inc.) was used
for all the data analysis.

RESULTS

HF Preserved Articular Cartilage Following

Oral Gavage Administration

The LDsy of HF was calculated as 3.7514 mg/kg, and the
test doses used were 0.1, 0.25, and 0.5 mg/kg to investigate
whether HF attenuated OA progression following oral gavage.
An ACLT-induced OA mouse model was established and HF,
which was administered at different doses every other day,
protected the articular cartilage. Specifically, the Safranin O
and Fast Green staining indicated that the proteoglycan loss
in the HF-treated group was comparable to that of the Sham
group (Figures 1A,B). Histologic score of OA in medial tibial
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0.10 mg/kg HF 0.25 mg/kg HF

Vehicle

FIGURE 1 | HF, by oral gavage, prevented articular cartilage degeneration after ACLT at 30 d (A) and 60 d (B). Safranin O & Fast Green staining of sagittal sections of
tibial medial compartment, where proteoglycan is in red and bone is in blue (top). Scale bar, 500 pm. H&E staining (bottom), where thickness of HC and CC are
marked by double-headed arrows. Scale bar, 100 um. HC and CC changes in thickness among different groups at 1 m (C) and 2 m (D) after sham surgery or ACLT.
**p < 0.01 compared to sham group, ##p < 0.01 compared to vehicle-treated ACLT group. (E) Histologic OA Score of articular cartilage at different time-points.

*p < 0.05 as denoted by bar, “*p < 0.01 as denoted by bar.
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plateau was performed to quantitatively assess the severity of
cartilage degeneration. The vehicle-treated ACLT group showed
almost twice the score of HF-treated ACLT groups at 1 and
2 months post-operatively (Figure 1E). Similarly, H&E staining
showed that the thickness of the CC in vehicle-treated ACLT
group was 1.91 times the thickness in sham group at 2 months
post-operatively. However, no statistically significance was found
in the thickness of HC and CC among sham group and HF-
treated ACLT groups (p > 0.05) (Figures 1C,D). These results
indicate that the three different dosages of HF also attenuated
OA progression. HF of 0.25 mg/kg showed maximal effects,
although the difference among the three dosage groups was
not statistically significant. To validate whether HF itself would
cause detrimental effect to the joint, the histologic score was
compared and the thickness of HC and CC between sham group
and sham + 0.25 mg/kg HF group was assessed. The sham +
0.50 mg/kg HF group was added to further investigate whether
higher dosage of HF would harm the joint. As a result, the
difference in the histologic score and thickness of HC and CC
was not statistically significant among the three groups (p > 0.05)
(Supplementary Figure 1). Therefore, HF of 0.25 mg/kg was
used in the further analysis. The immunostaining results revealed
that the number of MMP-13 positive cells was higher after ACLT
(36.10 £ 11.53%) when compared with Sham group (20.88 +
6.69%). After transecting the ACL, the number of MMP-13

positive cells was comparable to that of Sham group with use of
HF (23.54 £ 7.82%) (Figure 2). The number of Col X positive
cells increased following transecting the ACL (41.41 & 10.89%).
However, HF abrogated this phenomenon (29.25 & 7.33%) to
the level comparable to Sham group (25.26 £ 8.37%) (p > 0.05)
(Figure 2). These results suggest that HF played a protective role
against articular cartilage degeneration.

HF Maintained Subchondral Bone

Microarchitecture

This study further investigated whether the protective effect of
HF on the articular cartilage is associated with its potential
effects on the subchondral bone. Micro-CT was used to analyze
the subchondral bone structure. HF improved the subchondral
bone microarchitecture (Figure 3A). The ratio of BV to TV
was 5534 + 5.78 in the Sham group and it decreased
substantially to 46.22 &+ 4.58 in the vehicle-treated ACLT group.
The effect of decreased BV/TV after ACLT was abrogated in
the HF-treated group with the BV/TV of 52.99 £ 5.59 at
1 month post-operatively. Similar findings were also noticed
at 2 months post-operatively, where BV/TV were decreased
from 60.61 £ 3.93 in Sham group to 54.03 + 3.87 in the
vehicle-treated ACLT group and HF maintained it to 59.21
=+ 3.75 (Figure 3B). The SBP and articular cartilage interact.
Compared with the Sham group, the SBP thickness (SBP.Th.)
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FIGURE 2 | HF reduced the number of MMP-13 positive and Col X positive cells in articular cartilage at 30 d after ACLT. Immunofluorescent staining and quantitatively
analysis of MMP-13 (A,B) and Col X (C,D). Scale bar, 100 wm. “po < 0.05 as denoted by bar.

was decreased from 0.0762 % 0.0026 and 0.0784 % 0.0039 mm
to 0.0640 £ 0.0093 and 0.0728 £ 0.0034 mm in the vehicle-
treated ACLT group at 1 and 2 months post-operatively. HF
maintained the thickness of SBP to 0.0739 + 0.0088 and
0.0774 £ 0.0023mm with ACLT at 1 and 2 months post-
operatively (Figure 3C). The Tb.Pf, with higher value indicating
disruption of the connectivity and microarchitecture of the
subchondral trabecular bone, was increased from —1.81 =+
0.72 and —1.83 £ 0.62 mm™! in sham group to 1.63 =+
0.78 and 130 + 0.69 mm~! in the vehicle-treated ACLT
group at 1 and 2 months post-operatively. Application of
HF orally maintained the value of Tb.Pf to —1.17 £+ 0.87
and —1.42 + 0.79 mm~! at 1 and 2 months respectively
(Figure 3D). These results showed that in the vehicle-treated
ACLT group, BV/TV and SBP.Th. was decreased while Tb.Pf
was increased when compared with sham group and these effects
were abrogated by using HF. Together, these data suggest that
de novo aberrant bone formation of subchondral bone after
ACLT could be prevented by the administration of HF via oral
gavage.

HF Coupled Subchondral Bone
Remodeling and Inhibited Aberrant
Angiogenesis

The immunohistochemistry analysis performed to
investigate the potential mechanism underlying the effect

was

of HF on the subchondral bone microarchitecture. It was found
that the number of p-Smad2/3 positive cells was increased to
232.32 4 27.61/mm? significantly in the vehicle-treated ACLT
group, whereas the difference in the number of p-Smad2/3-
positive cells between Sham group (33.87 4+ 19.29/mm?)
and HF-treated ACLT group (61.62 =+ 29.15/mm?) was not
statistically significant (p > 0.05) (Figures4A,E). Moreover,
the number of TRAP-positive osteoclasts, which indicate the
severity of bone resorption, was higher in the vehicle-treated
ACLT group (27.67 + 12.14/mm?) than Sham group (9.00
+ 4.19/mm?) and this effect was abrogated by HF to a level
of 17.00 + 7.48/mm? (Figures 4B,F). Furthermore, HF not
only affected the number of osterix-positive osteoprogenitors,
but also maintained its location. Specifically, the number of
osterix-positive osteoprogenitors was increased in the vehicle-
treated ACLT group (91.75 # 33.94/mm?) when compared
with sham group(38.79 =+ 24.09/mm?), and this effect was
attenuated by HF to a level of 54.55 & 19.51/mm?. Furthermore,
HF also maintained the location of most osterix-positive
cells to the bone surface, instead of the bone marrow, as was
observed in the vehicle-treated ACLT group (Figures 4C,G).
These results suggest that HF restored bone remodeling by
inducing coupling bone resorption and formation. The effect
of HF on vessel formation in subchondral bone was also
investigated in this study. The results showed that the number
of CD31 positive endothelial cells were more than three times
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FIGURE 3 | HF maintained normal subchondral bone microarchitecture after ACLT. (A) 3D micro-CT image of tibial subchondral bone medial compartment in sagittal
view at 30 and 60 d after sham surgery or ACLT. Scale bar, 500 um. (B-D) Quantitative analysis of micro-CT parameters of tibial subchondral bone: bone volume
fraction (BV/TV) (B), thickness of subchondral bone plate (SBP.Th.) (C) and trabecular pattern factor (Tb.Pf) (D). “o < 0.05 as denoted by bar, *o < 0.01 as denoted
by bar.

higher in the vehicle-treated ACLT group (36.15 & 8.09/mm?)  of p-Smad2/3 positive cells, TRAP-positive osteoclasts and
when compared with sham group (11.90 + 4.99/mm?) and  osterix-positive osteoprogenitors when compared with vehicle-
HF downregulated its value (16.16 £ 5.92/mm?) to a level treated group. HF also relocated the majority of osterix-positive
comparable to sham group (Figures 4D,H). Moreover, results  osteoprogenitors to the bone surface, instead of subchondral
from WCT based microangiography showed that the volume  bone marrow in the vehicle-treated group. Besides, HF inhibited
of vessels in subchondral bone was bigger than Sham group  the aberrant angiogenesis and restored the volume and number
(0.0127 £ 0.0020 mm?) after ACLT (0.0166 £ 0.0042 mm?>). This  of vessels in subchondral bone to a level comparable to that of
phenomenon was inhibited in HF ALCT group with the value of =~ sham group (Figure 5).

VV as (0.0113 £ 0.0027 mm?>) (Figure 5B). Not only the volume

of vessels in subchondral bone, but also the number of vessels DISCUSSION

in subchondral bone was increased in the vehicle-treated ACLT

group (0.3860 & 0.0601/mm) when compared with sham group.  Articular cartilage and subchondral bone function as a
However, the difference in the VN between Sham group (0.3141  unit in the joint and homeostasis of the articular cartilage
+ 0.0288/mm) and HF ACLT group (0.2874 £ 0.0377/mm) was  relies on its interplay with the subchondral bone (Burr
not statistically significant (p > 0.05) (Figure 5C). Altogether,  and Gallant, 2012). In this study, an unstable, mechanical-
these results showed that HF significantly reduced the number  loading OA model was established by transecting the ACL.
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FIGURE 4 | HF coupled subchondral bone remodeling and inhibited aberrant angiogenesis. Immunostaining and quantitative analysis of number of p-Smad2/3
positive cell (A,E), TRAP-positive osteoclasts (B,F), Osterix-positive osteoblast progenitors (C,G) and CD31 positive cells (D,H) in tibial subchondral bone at 30 d after
sham surgery or ACLT. 100 wm. *p < 0.05 as denoted by bar, “*p < 0.01 as denoted by bar.

Furthermore, the established model was used to show that
HF administered by oral gavage re-established coupled bone
remodeling, reduced aberrant angiogenesis, maintained the
subchondral bone microarchitecture, preserved the articular
cartilage from degeneration and thus slowed OA progression.

The microarchitecture of the subchondral bone changes with
the onset of OA, which may precede the articular cartilage
degeneration (Zhen et al., 2013). Micro-CT is used to detect
subtle changes in subchondral bone. In the present study, it was
found that the BV/TV and SBP.Th. were decreased, whereas
the Tb.Pf was increased in the vehicle-treated group compared
with values in the Sham group. These findings are in agreement
with those of previous studies (Botter et al., 2006; Sniekers et al.,
2008; Xie et al., 2016). However, the value of these parameters
was comparable between the Sham group and HF-treated ACLT
groups, indicating that HF maintained the properties of the
subchondral bone.

Bone remodeling of the subchondral bone is the major
step in mechanical loading changes, which involves bone
matrix degradation and formation by osteoclast and osteoblast
(Castaneda et al., 2012). Bone resorption and formation occur
at specific region following well-defined cascades of events.
Osteoclasts resorb the bone at the site of the bone surface
during normal bone remodeling, followed by bone formation. It

has been reported that TGF- is an important coupling factor
of bone resorption and formation, which were buried in the
bone mineral matrix. TGF- was released and activated from
bone mineral matrix following osteoclast bone resorption. The
active TGF-B will direct the mesenchymal stem cells (MSCs)
to form the new bone exactly where bone resorption occurs.
Osterix-positive osteoprogenitor from MSCs are the precursor
cells of osteoblasts. Osteoblasts and their progenitor cells are
mainly located at the bone resorption site on bone surface
during normal physiological bone remodeling process. However,
abnormal mechanical loading results in excessive release and
activation of TGF-f from bone mineral matrix in subchondral
bone owing to increased bone resorption (Zhen et al., 2013; Shen
et al., 2014). Dysregulation of TGF-f alters MSCs recruitment
and their fate, uncoupling bone remodeling. Specifically, the
excessively released TGF-f mediate further differentiation of
MSCs into osteoblast precursors and lead to the commitment of
osteoprogenitors in-situ in bone marrow cavities instead of bone
surface. The clustered bone marrow osteoprogenitors will lead to
osteoid islets in the subchondral bone marrow, visualized as bone
marrow lesions from MRI and identified as a prognostic factor
of OA progression (Suri and Walsh, 2012), further resulting in
alteration of SBP.Th. and advancement of CC into the overlying
HC (Bullough, 2004; Suri and Walsh, 2012). In this study,
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*p < 0.05 as denoted by bar.

it was found that HF administered by oral gavage, prevented
abnormal bone resorption and aberrant bone formation. Besides,
the activity TGF-B, which were indicated by the number of
p-Smad 2/3 positive cells in subchondral bone was decreased to
a level comparable to that in Sham group with HF after ACLT.
The possible underlying mechanism of rescuing uncoupled bone
remodeling with HF involves a decrease in the release and
activation of TGF-B from the bone mineral matrix because HF
reduced abnormal bone resorption, thus further inhibited osteoid
islets formation.

Adequate blood supply is critical to bone tissues and bone
formation is usually coupled with vessel formation (Portal-Nufez
et al., 2012). Blood circulation can supply nutrients, oxygen,
minerals that required during osteogenesis and it can carry away
the metabolic waste (Percival and Richtsmeier, 2013). Aberrant
vessel formation in subchondral bone is a known characteristic
of OA (Lotz, 2012). Increasing the TGFp signaling in endothelial
progenitor cells can enhance vessel formation (Cunha and
Pietras, 2011) Besides, TGFP has also been demonstrated to
promote angiogenesis via stimulating the paracrine machinery
in MSCs (Guiducci et al., 2011). HF has been demonstrated to
result in inhibitory effects on representative sequential events in
the angiogenic cascade (Pines and Spector, 2015). It inhibits the
diameter and length of vessels in tumor tissue (Gavish et al.,
2002). CD31 is a classic marker of endothelial cells and it is
used for evaluation of angiogenesis (Newman et al., 1990). In the
present study, increased CD31 positive staining in subchondral
bone was observed in the vehicle-treated ACLT group. Moreover,
micro-CT based microangiography analysis showed that both
the vessel volume and vessel number was increased after ACLT.
These results confirmed the role of aberrant vessel formation
in subchondral bone during the progression of OA. By way of
oral gavage, HF abrogated the aberrant angiogenesis, maintained
both the volume and number of vessels in subchondral bone.
Previously it has been demonstrated that abrogation of increased
TGE activity in subchondral bone can normalize the aberrant

angiogenesis in subchondral bone during OA (Zhen et al,
2013). This study showed that HF reduced the number of p-
Smad 2/3 positive cells and inhibited aberrant angiogenesis
in subchondral bone, contributing to the maintenance of the
subchondral bone microarchitecture. It is hypothesized that the
profound effect of HF on normalization of angiogenesis in
subchondral bone was likely primarily due to the inhibition of
elevated TGFp activity in subchondral bone and further in-vitro
experiment are needed to validate the exact mechanism in the
future.

The normalization of bone remodeling and angiogenesis
in the subchondral bone preserved the overlying articular
cartilage. Cartilage is composed of specialized chondrocyte
cells that produce a large amount of collagenous extracellular
matrix proteins including proteoglycan and type II collagen
(collagen II). Proteoglycan and collagen II maintain the
homeostasis of the articular cartilage, which keeps it intact.
During the progression of OA, the chondrocytes hypertrophy
and synthesized proinflammatory cytokines that contribute to
their destruction (Luyten et al., 2006; Goldring and Goldring,
2010). Col X is a classic marker of hypertrophic differentiation
of chondrocytes (von der Mark et al, 1992). MMP-13 is
the primary collagenase synthesized by chondrocytes, which
damages aggrecan and collagen II during OA. The histologic
scoring system for OA in mice is used to quantitatively assess the
severity of cartilage damage (Glasson et al., 2010). In the present
study, it was discovered that advancement of the CC zone was
blocked in the HF-treated ACLT group compared with that in the
vehicle-treated ACLT group. It was also noticed that treatment
with HF reduced the number of Col X and MMP-13 positive cells
in the cartilage and lowered the histologic score more than that
of the vehicle-treated ACLT group. These results demonstrate
that HF rescued the homeostasis and integrity of the articular
cartilage.

HF was investigated in clinical trials for the treatment of
chronic graft-vs.-host disease and solid tumors and showed
safe therapeutic efficacy following oral administration (Nagler
and Pines, 1999; De Jonge et al,, 2006). The results of this
study may contribute to expanding its clinical application. The
kinetics of drug uptake and distribution may differ dramatically
between the various routes of administration and bioavailability
following oral administration may be relatively lower. However,
oral administration is a considerably more convenient route
that is often more acceptable to patients, especially for those
who need to repeatedly administer medications. In the present
study, for the first time, it was shown that HF administered by
oral gavage recoupled bone remodeling and inhibited aberrant
angiogenesis in the subchondral bone in early-stage OA. More
importantly, the articular cartilage, which is the primary concern
in OA treatment, was preserved. Altogether, these results indicate
that HF administered by oral gavage is an effective strategy for
preventing OA progression.
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Periodontitis is a chronic inflammatory disease that damages the integrity of the tooth-
supporting tissues, known as the periodontium, and comprising the gingiva, periodontal
ligament and alveolar bone. In this study, the effects of nardosinone (Nd) on bone
were tested in a model of lipopolysaccharide (LPS)-induced alveolar bone loss, and
the associated mechanisms were elucidated. Nd effectively suppressed LPS-induced
alveolar bone loss and reduced osteoclast (OC) numbers in vivo. Nd suppressed
receptor activator of nuclear factor-kB ligand (RANKL)-mediated OC differentiation,
bone resorption, and F-actin ring formation in a dose-dependent manner. Further
investigation revealed that Nd suppressed osteoclastogenesis by suppressing the ERK
and JNK signaling pathways, scavenging reactive oxygen species, and suppressing the
activation of PLCy2 that consequently affects the expression and/or activity of the OC-
specific transcription factors, c-Fos and nuclear factor of activated T-cells cytoplasmic
1 (NFATc1). In addition, Nd significantly reduced the expression of OC-specific markers
in mouse bone marrow-derived pre-OCs, including c-Fos, cathepsin K (Ctsk), VATPase
d2, and Nfatc1. Collectively, these findings suggest that Nd has beneficial effects on
bone, and the suppression of OC number implies that the effect is exerted directly on
osteoclastogenesis.

Keywords: nardosinone, RANKL, osteoclastogenesis, alveolar bone resorption, MAPKs

INTRODUCTION

Periodontitis is a chronic inflammatory disease that damages the integrity of the tooth-supporting
tissues, known as the periodontium, and comprising the gingiva, periodontal ligament and alveolar
bone (Hajishengallis, 2015). Oral bacteria in subgingival plaque have been identified as the primary
etiological agent (Madianos et al., 2005), with Porphyromonas gingivalis lipopolysaccharide (LPS)
(P. gingivalis LPS) identified as a key stimulus (Holt et al., 1988). Not only is periodontitis instigated
by local dysbiotic microbial communities, but it is also the host inflammatory response to this
microbial challenge that in the long run causes tissue damage, including pathologic activation of
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osteoclast cells (OCs) to resorb bone (Lamont and Hajishengallis,
2015). Normally, alveolar bone is constantly reconstructed
by means of the balanced activities of OCs and osteoblasts
(Hadjidakis and Androulakis, 2006). However, in periodontitis,
OC activity is increased in the presence of pro-inflammatory
cytokines produced by inflammatory cells and LPS produced by
bacteria. This leads to alveolar bone loss, resulting in early tooth
loss (Pihlstrom et al., 2005).

Osteoclast cells are best known as multinucleated giant cells
derived from the monocyte/macrophage lineage. Their exclusive
function is to resorb bone in response to macrophage colony-
stimulating factor (M-CSF) and RANKL signaling generated
from the bone microenvironment (Boyle et al., 2003; Asagiri
and Takayanagi, 2007). The cytokine M-CSF is a prerequisite
for providing proliferation and survival signals to OC precursor
cells and increasing expression of receptor activator of nuclear
factor kappa B (RANK), which is essential for OC differentiation
(Boyle et al., 2003). Upon the binding of RANKL to RANK,
tumor necrosis factor receptor-associated factor 6 (TRAF6) is
invoked, resulting in a long series of downstream signaling
cascades, including activation of the NF-«kB signaling pathway
and the mitogen-activated protein kinase (MAPK) signaling
pathways. The signaling cascades conclude with the activation
of c-Fos and nuclear factor of activated T cells cytoplasmic 1
(NFATc1), which are vital for osteoclastogenesis (Udagawa et al.,
1999; Teitelbaum, 2000; Asagiri and Takayanagi, 2007). During
RANKL-mediated osteoclastogenesis, it has been revealed that
reactive oxygen species (ROS) play important roles in the
differentiation, survival, activation, and bone resorptive activities
of OCs (Garrett et al, 1990; Bhatt et al., 2002; Ha et al.,
2004; Lee et al., 2005). In addition, excessive ROS generation
has been associated with estrogen-deficient osteoporosis (Lean
et al, 2003; Manolagas, 2010). The Ca’"T-NFATcl signaling
pathway plays an important role in osteoclastogenesis, namely,
the upregulation of intracellular Ca?*, which is dependent on the
phosphorylation of phospholipase Cy (PLCy). PLCy is essential
for the activation of NFATcl (Negishi-Koga and Takayanagi,
2009; Kim et al., 2014; Kim J.Y. et al., 2015). Intracellular Ca?t
and ROS have been revealed to upregulate and auto-amplify
NFATcl, the master regulator of osteoclastogenesis, through the
CaMKIV/CREB pathway (Hwang and Putney, 2011; Li P. et al,,
2014). Accordingly, numerous biological compounds targeting
modulation of the above signaling pathways involved in OC
differentiation have been found to have the ability to ameliorate
periodontal damage, especially alveolar bone loss (Kim Y.G.
et al.,, 2015; Bhattarai et al, 2016). Therefore, screening active
compounds which can promote the healing and regeneration
of periodontal tissues or attenuate the injury of periodontitis is
an effective strategy for the treatment of OC-related periodontal
diseases.

Nardosinone (Nd), isolated from Nardostachys root, an
important Chinese herbal medicine, has been reported to
be an enhancer of nerve growth factor (Li et al, 1999).
Several studies have proven that Nd possesses a wide range of
pharmacological effects, including sedative, adaptogen-like, anti-
depressive, anti-leukemic, anti-tumorous, and anti-trypanosomal
activities (Otoguro et al, 2011; Li Z.H. et al.,, 2014; Ju et al,

2015; Kapoor et al, 2017). Interestingly, Nd was found to
effectively suppress osteoclastogenesis in our previous screening
work of single compounds extracted from Chinese herbs.
However, the role of Nd on OC differentiation, as well as
the underlying mechanisms through which osteoclastogenesis is
regulated, have not been fully examined so far. In the present
study, we confirmed that Nd can suppress the generation and
differentiation of OCs from mouse bone marrow macrophages
(BMMs) through JNK, ERK, PLCy2, c-Fos, and NFATc1 signaling
pathways in association with scavenging the RANKL-induced
ROS. Furthermore, the defensive effect of Nd on P. gingivalis LPS-
induced alveolar bone loss was evaluated in a mouse periodontitis
model. These data add substance to the suggestion that Nd can
help prevent inflammatory bone loss.

MATERIALS AND METHODS

Reagents and Antibodies

Nardosinone (Figure 1A), purchased from Must Biotechnology
(Chengdu, China), was dissolved in dimethyl sulfoxide (DMSO).
Alpha modification of Eagle’s minimum essential medium
(a-MEM), fetal bovine serum (FBS), and penicillin/streptomycin
were purchased from Gibco BRL (Gaithersburg, MD,
United States). Recombinant murine M-CSF and RANKL
were purchased from R&D Systems (Minneapolis, MN,
United States). Tartrate-resistant acid phosphatase (TRAP)
staining solution, Triton X-100, and 4',6-diamidine-2’-
phenylindole dihydrochloride (DAPI) were obtained from
Sigma-Aldrich (St. Louis, MO, United States). FITC phalloidin
was obtained from Yeasen biotech Co., Ltd (Chengdu, China).
Primary antibodies targeting GAPDH, IkBa, phospho-Akt,
Akt, phospho-ERK1/2, ERK1/2, phospho-JNK1/2, JNKI1/2,
phospho-p38, p38, phosphor-PLCy2, PLCy2, c-Fos and NFATc1
were purchased from Cell Signaling Technology (Danvers, MA,
United States). Dichlorofluorescin diacetate (DCFDA) cellular
ROS detection assay kits were obtained from Beyotime Institute
of Biotechnology (Jiangsu, China). LPS from P. gingivalis was
purchased from InvivoGen (San Diego, CA, United States).

Cell Culture

Bone marrow macrophages were prepared as previously
described (Xiao et al., 2015). Briefly, monocyte/macrophage
precursors were prepared by flushing the marrow from the
long bones of 6-week-old C57BL/J6 mice and differentiated
into BMMs in a-MEM containing 10% FBS, 100 U/mL
penicillin/streptomycin (complete o-MEM) and 30 ng/mL
M-CSE. The OC-like RAW264.7 cell line (TIB-71, ATCC,
Manassas, VA, United States) was cultured in complete o-MEM.
All cell cultures were maintained in a humidified environment of
95% air/5% CO; at 37°C.

Cell Viability Assay

The anti-proliferative effect of Nd on BMMs was measured with
a CCK-8 kit (Dojindo Molecular Technology, Kumamoto, Japan)
according to the manufacturer’s instructions. In brief, BMMs
plated into 96-well plates at a density of 1 x 10* cells/well were
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FIGURE 1 | Evaluation of Nardosinone (Nd) toxicity and its effects on RANKL-induced osteoclastogenesis and apoptosis in vitro. (A) Chemical formula of Nd.

(B) Cell viability of mouse bone marrow macrophages (BMMs) treated with varying doses of Nd (0, 12.5, 25, or 50 M) for 48 or 96 h. (C) Typical images of BMMs
stained for TRAP (red) after treatment with different concentration of Nd. (D) The number of TRAPTV® multinucleated osteoclasts (>3 nuclei) and the area (E) of
TRAP compared to control were quantified. (F) The effect of time of addition of Nd on osteoclast formation. BMMs were stimulated with RANKL (100 ng/mL) alone
or together with Nd (50 M) at different stages of the 5-day osteoclast culture as described in Section “Materials and Methods.” (G) The number of TRAP+Ve
multinucleated osteoclasts (>3 nuclei) and the area (H) of TRAP compared to control were quantified. (I) The nuclear size and shape of BMMs at concentrations that
affect OC formation and activity. Nd did not induce nuclear fragmentation. OCs cultured on glass coverslips were incubated with Nd at different doses (0, 12.5, 25,
or 50 wM) for 48 h then fixed and stained with DAPI and examined by fluorescence microscopy. (J) Western blotting to check whether Nd induces apoptosis at
concentrations that affect OC formation and activity. Values are expressed as mean + SD; *P < 0.05, **P < 0.01 compared to control.
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treated for 48 or 96 h with serial dilutions of Nd (0-800 uM).
Next, 10 pL CCK-8 mixed with 90 pL complete a-MEM was
added to each well. After incubation for 2 h, the optical density
(OD) was measured with an ELX800 absorbance microplate
reader (Bio-Tek Instruments, Inc., Winooski, VT, United States)
at a wavelength of 450 nm (650 nm reference).

Analysis of DAPI Staining

Bone marrow macrophages were treated with Nd (0, 12.5, 25, or
50 wM) for 48 h. The cells were washed three times with PBS,
then treated for 15 min with Triton X-100 to disrupt the cell
membrane integrity. Nuclei were stained with 0.1 pg/mL DAPI
in PBS at 37°C for 10 min in the dark. The cell nuclei were
observed and photographed using an LSM5 confocal microscope
(Carl Zeiss, Oberkochen, Germany).

In Vitro Osteoclastogenesis Assay

Bone marrow macrophages were seeded into 96-well plates at a
density of 8 x 10% cells/well, in triplicate, in complete a-MEM
containing M-CSF (30 ng/mL), and allowed to adhere overnight.
Next day BMMs were treated with RANKL (50 ng/mL) and
various concentrations of Nd (0, 12.5, 25, or 50 pM) over a 5 day
period. Conversely, to investigate Nd addition-dependent effects
on osteoclastogenesis at a particular stage, Nd (50 uM) was added
to BMMs cultured with M-CSF and RANKL at different stages of
the 5 day culture period as follows: pre-treatment (12 h before
RANKL); early treatment (day 1); late treatment (day 3), early +
late treatment (days 1 and 3); and pre + early + late treatment
(12 h before RANKL, then days 1 and 3). After 5 days, cells were
fixed with 4% paraformaldehyde and stained for TRAP activity.
TRAP™Y® cells that contained three or more nuclei were counted
as mature OCs, and their cell spread areas were measured.

Quantitative Polymerase Chain Reaction
(PCR) Analysis

For real-time polymerase chain reaction (PCR), 2 x 10° BMMs
were plated into each well of a 12-well plate and cultured in
complete a-MEM containing M-CSF (30 ng/mL), and RANKL
(50 ng/mL). Cells were then treated with or without Nd at a
range of concentrations (0, 12.5, 25, or 50 M). Total RNA was
extracted from cultured cells using an RNeasy Mini kit (Qiagen,
Valencia, CA, United States) according to the manufacturer’s
instructions, and cDNA was synthesized from 1 pg of total RNA
using reverse transcriptase (TaKaRa Biotechnology, Otsu, Japan).
Real-time PCR was performed using a SYBR Premix Ex Taq kit
(TaKaRa Biotechnology) and an ABI 7500 Sequencing Detection
System (Applied Biosystems, Foster City, CA, United States).
PCR was performed under the following conditions: 40 cycles
each involving 5 s of denaturation at 95°C and 34 s of
amplification at 60°C. All PCRs were performed in triplicate
and levels were normalized to those of the gene Gapdh. The
following primer sets were used as previously described: mouse
Gapdh: forward, 5-ACC CAG AAG ACT GTG GAT GG-3'
and reverse, 5-CAC ATT GGG GGT AGG AAC AC-3'; mouse
Nfatcl: forward, 5-CCG TTG CTT CCA GAA AAT AAC A-3’
and reverse, 5-TGT GGG ATG TGA ACT CGG AA-3'; mouse

cathepsin K: forward, 5'-CTT CCA ATA CGT GCA GCA GA-3
and reverse, 5-TCT TCA GGG CTT TCT CGT TC-3'; mouse c-
Fos: forward, 5'-CCA GTC AAG AGC ATC AGC AA-3/, reverse,
5/-AAG TAG TGC AGC CCG GAG TA-3'; and mouse V-ATPase
d2: forward, 5-AAG CCT TTG TTT GAC GCT GT-3' reverse,
5-TTC GAT GCC TCT GTG AGA TG-3.

Western Blot Analysis

RAW264.7 cells were seeded into 6-well plates at a density
of 6 x 10° cells/well. When the cells were confluent, they
were pretreated with or without Nd for 4 h. Cells were
then stimulated with 50 ng/mL RANKL for 0, 5, 10, 20, 30,
and 60 min. Cellular proteins were extracted from cultured
BMMs or RAW264.7 cells using RIPA lysis buffer (Thermo
Fisher Scientific, Waltham, MA, United States) supplemented
with 10 mg/mL phenylmethylsulfonyl fluoride (PMSF), and the
protein concentration was determined using a BCA protein
assay (Thermo Fisher Scientific). Lysate proteins (25 jg) were
separated by 10% SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Membranes were then blocked with 5%
skimmed milk in TBS-Tween (TBS: 0.05 M Tris, 0.15 M NaCl
pH 7.5; with 0.2% Tween-20) for 1 h, and incubated with
primary antibodies diluted in 1% (w/v) skimmed milk powder
in TBS-Tween overnight at 4°C. Experiments were repeated
independently at least three times.

Bone Resorption Pit Assay

Equivalent amounts of BMM-derived pre-OCs (after 4 days of
RANKL stimulation) were seeded onto 100-mm bovine bone
disks, treated with Nd (0, 12.5, 25, or 50 wM) for 48 h
and then fixed and stained for TRAP activity. Resorption
pits were visualized under a scanning electron microscope
(FEI Quanta 250), and the bone resorption area was quantified
using Image ] software (National Institutes of Health, Bethesda,
MD, United States).

Immunofluorescence Confocal

Microscopy

Osteoclast cells differentiated from BMMs were cultured on glass
coverslips and fixed for 15 min at RT with 4% paraformaldehyde,
permeabilized for 5 min with 0.1% Triton X-100 in PBS, and
non-specific antibody binding was blocked by incubating for
30 min in 5% skimmed milk in PBS. F-actin was stained with
FITC-conjugated phalloidin and nuclei were stained with DAPI.
Actin ring distribution was visualized using an LSM5 confocal
microscope (Carl Zeiss, Oberkochen, Germany).

Intracellular ROS Detection

The DCFDA cellular ROS detection assay kit was used to
detect intracellular ROS levels. BMMs (8 x 10° cells/well in
96-well plates) were treated with RANKL (50 ng/mL), M-CSF
(30 ng/mL), and Nd (25 or 50 uM) for 72 h. Intracellular ROS
levels were determined using 2’,7'-dichlorofluorescein diacetate
(DCFH), which oxidizes into fluorescent DCF in the presence of
ROS. Cells were washed in PBS and incubated in the dark for
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60 min with 10 uM DCFH-DA. Images were obtained using a
fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Alveolar Bone Resorption Experiments
Animal studies were conducted in accordance with the principles
and procedures approved by the Animal Care Committee
of Shanghai Jiao Tong University, China. Twenty specific-
pathogen-free 8-week-old male C57BL/6] mice were randomly
divided into four groups: phosphate-buffered saline (PBS;
control), LPS (1 mg/kg body weight; Sigma-Aldrich), LPS 4+ Nd
(5 mg/kg body weight, low dose group), and LPS 4+ Nd (15 mg/kg
body weight, high dose group). Nd was given by intraperitoneal
injection on days 1, 4, and 7. On days 4 and 7, mice were sedated
via light anesthesia and injected with 1 mg/kg of P. gingivalis
LPS at the gingiva of the second molar in the lower left and
right jaw (Kim Y.G. et al,, 2015). Mice were sacrificed on day 10
and their jaws were collected for further analysis. Left jaws were
dissected for micro-CT analysis and right jaws for bone histology
and histomorphometry.

MicroCT Analysis of Jaws

Left jaws were fixed in 4% paraformaldehyde for 1 day at 4°C
and stored in 70% ethanol at 4°C. They were then scanned using
high-resolution micro-computed tomography (WCT) (Scanco
microCT100, Briittisellen, Switzerland). Each jaw was then
imaged with the following instrument settings: 70 kV, 200 pA,
0.5 mm Al filter, 300 ms exposure, pixel size 5 um. After scanning,
the data were reconstructed using Scanco 100 Evaluation
software V6.5-3 with a constant threshold value. An image of a
precise ruler was captured at the same magnification and used
for calibration area measurements, which were performed with
Olympus Microsuite 3.2 imaging software. A volume of interest
was generated covering the first to third molars and the relevant
alveolar bone. The volume of alveolar bone included in the
region of interest (bone volume/total volume) (ROI [BV/TV])
was measured for each sample, and comparisons were made
among different groups. The polygonal area enclosed by the
cementoenamel junction (CEJ), the lateral margins of the exposed
tooth root, and the alveolar bone crest (ABC) were also measured,
and results are expressed in millimeters squared (mm?).

Histological and Histomorphometric
Analysis

Right jaws were fixed in 4% paraformaldehyde for 1 day at
4°C, subsequently decalcified in 10% EDTA for approximately
1 month, and then embedded in paraffin. Histological sections
(7 wm thick) were prepared for hematoxylin and eosin as well
as TRAP staining. The specimens were then examined and
photographed using a high quality microscope. The number
of TRAPTY® multi-nucleated OCs (N.Oc¢/BS, 1/mm) and the
percentage of OC surface per bone surface (OcS/BS, %) were
assessed for each sample.

Statistical Analysis
Data are shown as mean + standard deviation (SD) from at
least three independent experiments. Student’s t-test was used

to determine statistical significance between the results of test
and control groups, with *P < 0.05 and **P < 0.01 considered
statistically significant.

RESULTS

Nd Suppressed RANKL-Induced
Osteoclastogenesis without Cytotoxic
Effects

The CCK-8 assay was used to examine the potential cytotoxicity
of Nd on BMMs. Treatment with Nd for 48 or 96 h at
concentrations less than 400 wM did not induce cytotoxicity
(Figure 1B). BMMs were exposed to M-CSF and RANKL in
the absence or presence of different concentrations of Nd for
5 days. The formation of TRAP™® OCs was suppressed by
Nd (Figure 1C) and the number of OCs and the area of
TRAP-positive staining were reduced to approximately 9% of
control levels by treatment with 50 wM Nd (Figures 1D,E). To
determine the stage at which Nd suppressed osteoclastogenesis,
BMMs were treated with 50 wM Nd at several time points.
Neither treatment for 12 h prior to RANKL stimulation (pre-
treatment) nor on the third day of RANKL stimulation (late
treatment) altered the number or size of TRAP*Y¢ OCs induced
after 5 days of culture, whereas treatment on the first day of
RANKL stimulation (early treatment) led to an almost 35%
reduction in OC number and area of TRAP (Figures 1F-H).
Continuous exposure to early and late treatment or pre-,
early and late treatment potently suppressed OC formation
(Figures 1F-H). To exclude the possibility that Nd induced
BMM apoptosis during the course of differentiation, BMMs
were stained with DAPI following Nd treatment (Figure 1I),
and were found to exhibit normal intact nuclei, confirming that
the suppressory effects of Nd on osteoclastogenesis were not
attributable to the induction of BMM apoptosis. Furthermore,
western blotting was carried out to examine whether the
apoptotic cell death pathways were activated after Nd treatment.
There was no alteration in the levels of the anti-apoptotic
protein Bcl-2, nor any activation of the Bax and caspase-3
apoptotic pathways following treatment with up to 50 uM of Nd
(Figure 1J).

Nd Decreased Osteoclastic Bone

Resorption and F-Actin Ring Formation

Next, the effects of Nd on OC bone resorption were assessed. SEM
results verified the bone resorptive ability of OCs differentiated
from BMMs on the bone surface (Figure 2A) Meanwhile,
most of the bone resorption activity was suppressed and
was almost completely blocked at the higher concentration
of Nd (=50 pwM) (Figures 2A,B). The establishment of
F-actin-rich podosomes-polarized cytoskeletal structures known
as F-actin rings-indicates the maturity of OCs and is also
essential for OC bone resorption (Wu et al., 2015; Zhu et al,,
2016). The results showed that osteoclastic bone resorption is
suppressed by Nd; further experimentation to verify whether
Nd suppresses F-actin ring formation was carried out. Confocal
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FIGURE 2 | Nd attenuated osteoclastic bone resorption and F-actin ring formation in vitro. (A) Representative SEM images of bone resorption pits (red arrows) are
shown following treatment with various doses of Nd (0, 12.5, 25, or 50 wM). (B) The total areas of resorption pits were quantified. (C) BMMs were incubated with
M-CSF (30 ng/mL) and RANKL (100 ng/mL) and then treated with varying doses of Nd (0, 12.5, 25, or 50 wM). Confocal microscopy revealed clearly the formation
and morphology of the F-actin (red arrows). Data are expressed as mean + SD; **P < 0.01 compared to control.

microscopy revealed clearly the formation and morphology
of the F-actin ring of mature OCs stained with phalloidin
in the control group (Figure 2C). However, in the group
treated with Nd the size and morphology of the F-actin

ring were reduced, with dose-dependent reductions. Together,
these findings clearly indicate that the application of Nd
reduced osteoclastic bone resorption and formation of OCs
in vitro.
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Nd Eliminated ROS Production and
Suppressed Activation of PLCy2

To elucidate the inhibitory effects of Nd on OC formation,
intracellular ROS was semi-quantitatively measured using
DCFDA. As shown in Figure 3A, intracellular ROS was at a low
level before RANKL stimulation but increased sharply to a high
level when BMMs were treated with RANKL. This effect could
be markedly attenuated by Nd. Both the number of ROS (+)
cells and the level of ROS were decreased by Nd (Figures 3B,C).
Ca?" signaling is indispensable for osteoclastogenesis and its
trigger is the phosphorylation of PLCy2. Thus, we investigated
the inhibitory effects of Nd on the phosphorylation of PLCy2.
As expected, the phosphorylation of PLCy2 was clearly blocked
compared with the control group (Figures 3D,E).

Nd Inhibited RANKL-Induced ERK and

JNK1/2 Activation

To detect the underlying mechanisms by which Nd mediated OC
formation, the bearing of RANKL-induced signaling pathways
on osteoclastogenesis were examined. The phosphorylation of
MAPK family members (EKR, JNK, and p38) and Akt occurred
within 10 min of RANKL stimulation, and continued for 30 min
in the control group (Figures 4A-C). In the meantime, by
comparison, Nd attenuated the phosphorylation of ERK and
JNK, without affecting that of p38 (Figure 4A). The results also
showed that Nd did not reduce phosphorylation of Akt or of
IkBa, an inhibitory subunit of NFkB, indicating that it does
not influence the Akt and NFkB signaling pathway (Figure 4A).
Overall, these data suggest that the suppressive influence of Nd
on osteoclastogenesis could be put down to the attenuation of
RANKL-induced JNK and ERK signaling cascades.

Nd Suppressed the Activation of c-Fos
and NFATc1

It has been shown that activation of NFATcl, the master
regulator of osteoclastogenesis which relies on c-Fos, results from
phosphorylation of the MAPK signaling pathway (Nakashima
et al., 2012). BMMs were stimulated with RANKL in the
absence or presence of Nd for 0, 24, 48, or 72 h. As shown in
Figures 4D-F, c-Fos protein expression increased after 24, 48,
and 72 h, and NFATcl, the downstream transcriptional targets
of c-Fos, showed steep increases at 48 and 72 h. By comparison,
the situation was potently suppressed by Nd at various time-
points. (Figures 4G-J On the other hand, Nd also suppressed the
expression of OC marker genes including c-Fos, VATPase d2, ctsk,
and Nfatcl), shown by quantitative PCR.

Nd Attenuated LPS-Stimulated Bone

Loss

To evaluate the role of Nd in bone resorption in vivo, we
created the LPS-induced mouse alveolar-bone-loss model. No
fatalities were recorded after LPS and Nd administration, and
all the animals maintained normal activity throughout the
experiment. Micro-CT, morphometric and histomorphometric
analyses were performed. Micro-CT confirmed that LPS-injected
mice exhibited significantly greater areas of exposed roots than

the control and Nd groups (Figures 5A,B). No significant
differences in areas of exposed roots were observed among
control, low dose, and high dose groups (Figures 5A,B).
A volumetric quantitative analysis of alveolar bone loss with
micro-CT verified the results obtained by macroscopic analysis.
BV/TV in the LPS group was also significantly lower than those
of the control or Nd groups (Figure 5C). The LPS-mediated
decrease in BV/TV values was restored up to a level similar to the
control group by treatment with Nd at 5 or 15 mg/kg (Figure 5C).

To further explore whether OCs were involved in the
inhibitory effects of Nd on LPS-induced alveolar bone loss,
TRAP staining was performed to calculate the number of OCs
in tissue sections. TRAP-positive multinucleated cells lining
the alveolar bone surface were visually enumerated (black
arrows in Figure 5D) in a specific AOI with standardized
dimensions and surfaces. The LPS group showed the highest
number of OCs compared with the control group. However,
the administration of 5 mg/kg of Nd significantly reduced OC
number. Furthermore, the administration of 15 mg/kg of Nd
almost completely prevented an LPS-induced increase in OC
number and bone erosion (Figure 5D). Histomorphometric
analysis of Oc.S/BS and OC number confirmed that Nd treatment
attenuated LPS-induced alveolar bone loss and reduced OC
numbers (Figures 5E,F). Collectively, these results indicated that
Nd effectively prevented LPS-induced alveolar bone loss in vivo.
Tissue toxicities of Nd on the liver and kidney were confirmed
by histological analyses (Supplementary Figure S1). Compared
to control animals, administration of Nd at 5 or 15 mg/kg body
weight/day for 10 days did not induce visible hepatotoxicity or
nephrotoxicity.

DISCUSSION

Bone resorption is a major pathological factor in periodontitis
and it is now clear that deregulation of immune and
inflammatory responses is crucial in initiating the bone
destruction associated with these conditions (Jimi et al., 2004). In
the present study, our data show that Nd efficiently suppresses
P. gingivalis LPS-induced alveolar bone loss, demonstrated by
direct microCT analyses and histology in vivo, and suppressed
osteoclastogenesis in vitro. To our knowledge, this is the first
study to explore the effects of Nd on bone metabolism. At the
molecular level, Nd profoundly suppressed multiple pathways
downstream of RANK, including ROS, PLCy2, MAPKs, c-Fos,
and NFATcI.

In the present study, the inhibitory effect of Nd on RANKL-
induced OC formation from BMMs with RANKL and M-CSF
was first explored in vitro and in vivo. It is well-known
that RANKL, together with M-CSF, is a prerequisite for
osteoclastogenesis (Boyle et al., 2003) and OCs are differentiated
from hematopoietic cells through a multi-step process, including
proliferation, expression of TRAP, and fusion of cells, and
are TRAP'Y® multinucleated cells with bone resorbing activity
(Takahashi et al., 1999). Then, based on these theories, the
results in Figures 1C-H suggest that the effects of Nd do
not last long, and treatment at the early stages and during
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FIGURE 3 | Nd scavenged ROS production and suppressed the activation of PLCy2. (A) Representative images of ROS(+) BMMs during RANKL-induced
osteoclastogenesis treated with varying concentrations of Nd (25, 50 uM); The ROS-positive cell numbers (B) and green fluorescence intensity (C) in each well
(96-well plate) were quantified. (D) Western blot analysis of p-PLCy2 protein expression in BMMs treated with or without Nd for different time periods. (E) The band
intensities corresponding to p-PLCy2 were quantified and normalized relative to that of GAPDH and converted to fold change of control. Data are expressed as
mean + SD. *P < 0.05, **P < 0.01 compared to the RANKL-induced group.

the course of RANKL-induced differentiation could produce a
more effective inhibition of OC formation. The dose-dependent
effect is transient since the removal of Nd in the early stage
of osteoclastogenesis largely restored OC formation. A well-
polarized F-actin ring is the most distinct characteristic of mature
OCs and it is also essential for osteoclastic bone resorption
(Wilson et al., 2009). The effect of Nd on F-actin ring formation
and bone resorption ability are verified in our study.

Stimulation with RANKL has been shown to transiently
increase the intracellular levels of ROS, which regulates RANK
signaling pathways including Akt, MAPKs, and NFkB, thereby
promoting osteoclastogenesis, while osteoclastogenesis is blocked
entirely when ROS production is prevented (Lee et al., 2005). Our
results described here show that Nd is more effective at inhibiting
the generation and accumulation of ROS, indicating that Nd may
also suppress osteoclastogenesis through antioxidation. ROS acts
as a second messenger in signal transduction and gene regulation
in a variety of cell types, and under the influence of several
biological factors such as cytokine, growth factor, or hormone
treatments (Lander, 1997; Hensley et al., 2000; Hadjidakis and

Androulakis, 2006). Cells are capable of defending themselves
against ROS damage with enzymes such as catalases, superoxide
dismutases, glutathione peroxidases, glutathione reductase, and
peroxiredoxins under normal circumstances (Finkel, 2003; Moon
et al., 2006; Wauquier et al., 2009). The induction of oxidative
stress is a potential mechanism by which periodontitis manifests
its systemic effects (D’Aiuto et al., 2010). Previous studies point
to the association of ROS with the pathogenesis of periodontitis
(Waddington et al., 2000). Cellular ROS accumulation occurs
during OC formation and, if it is prolonged and persistent, brings
about the destruction of periodontal tissue and oxidative damage
(Bhatt et al., 2002; Bhattarai et al., 2016). In addition, Altindag
et al. reported that an accumulation of ROS and a lessened
anti-oxidative status have been observed in osteoporosis patients
(Altindag et al., 2008).

RANKL also triggers the phosphorylation of PLCy2, which
subsequently leads to Ca’t mobilization in the process of
OC formation (Negishi-Koga and Takayanagi, 2009). Ca?™
signaling is crucial for osteoclastogenesis. The transient initial
release of Ca?™ from intracellular stores and the influx through
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specialized Ca®™ channels controls the dephosphorylation of
NFATc1 protein, and leads to its nuclear localization, which is
followed by the activation of OC-specific genes (Yeon et al,
2015). PLCy2 phosphorylation is directly and closely coupled
with Ca?t oscillations and the Ca?*-dependent translocation
of NFATc1 induced by RANKL (Takayanagi, 2007). In addition,
it has been suggested that it is the phosphorylation of PLCy2
rather than PLCy1 that is required for RANKL-mediated Ca®*
signaling in OC differentiation (Mao et al.,, 2006). In light of
the above, we speculated that the inhibitory effect of Nd on
the phosphorylation of PLCy2 is likely to suppress the RANKL-
Ca?*-oscillation-NFATcl activation signaling axis during OC
differentiation. Further study is required to investigate whether

Nd treatment reduces the amplitude and frequency of Ca?™
oscillations in the OC differentiation process.

One of the most important downstream pathways mediating
the effects of Nd on osteoclastogenesis could be components
of MAPK signaling, namely ERK and JNK. RANKL invokes
the rapid phosphorylation and activation of MAPKs and AKT,
which consequently stimulates the activation of transcription
factors such as c-Fos and NFATcl to regulate the expression
of genes required for OC differentiation (Stevenson et al.,
2011; Yeon et al, 2014). Increasing evidence shows that the
RANKL-induced ERK signaling pathway plays an important
role in osteoclastogenesis (Tsai et al., 2008; Tang et al., 2009).
When ERK signaling is still active, c-Fos is phosphorylated by
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FIGURE 5 | Nd protects against LPS-induced alveolar bone loss by inhibiting osteoclast activity. (A) Lingual view of representative 3D constructions of the
hemi-mandible from the control group, LPS-stimulated group, low dose group, and high dose group. The green area represents the difference compared with the
control group. (B) Measurement of bone levels was performed by comparing the area of exposed roots of the three molars on the 3D constructions. (C) Quantitative
analyses of bone volume/total volume. (D) Representative images of decalcified alveolar bone stained with TRAP (black arrows) from the control group,
LPS-stimulated group, low dose group, and high dose group. (E) Quantitative analyses of osteoclast surface/bone surface (Oc.S/BS). (F) Quantitative analyses of
osteoclast number/bone surface (N.Oc/BS). n = 5. Data are expressed as mean + SD; **P < 0.01 relative to LPS-stimulated group.

sustained ERK (Okawa et al., 2009). It is well-known that c-Fos  c-Fos regulates expression of NFATcl1, which is critical for the
is a member of the AP-1 transcription factor family and is differentiation of OCs. NFATcl-deficient mice have defects of
required for the differentiation of OC precursors into bone-  osteoclastogenesis and also show symptoms of osteopetrosis
resorbing OCs. c-Fos-deficient mice suffer from osteopetrosis (Winslow et al., 2006). Similarly, activated JNK phosphorylates
because of a block of OC differentiation. At the same time, by ~downstream factors, including c-Fos, which is required for
means of ectopic c-Fos expression, impaired osteoclastogenesis NFATcl induction (Jimi et al., 1999; Takayanagi et al., 2000).
in BMMs is completely rescued (Grigoriadis et al, 1994). Our data (Figure 4) suggest that Nd may act on ERK and JNK
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signaling pathways along the c-Fos/NFATc1 axis to interfere with
osteoclastogenesis.

Erosion of alveolar bone is one of the grave consequences
of periodontitis which is an inflammatory disease. For the
moment, antiresorptive agent available for periodontitis is in
urgent need, since bisphosphonates and anti-RANKL antibodies
have the risk of increasing osteonecrosis of the jaw. In an
LPS-induced mouse periodontitis model, the administration of
Nd meaningfully reduced the number of osteoclasts as well as
alveolar bone erosion (Figure 5) and this suggests Nd suppresses
osteoclastogenesis and could play an effective role in depressing
bone resorption in vivo. It is important to note the limitations
within the present study that represent the future direction of
our research. Firstly, whether Nd correlates negatively with these
inflammatory cytokines should be explored in future studies,
since IL-1, IL-6, IL-8, and TNF-a promote osteoclastogenesis
and bone resorption through multiple mechanisms, such as
increasing the production of M-CSF and RANKL (Koerner
et al., 2008; Xu et al, 2011). Secondly, further study should
focus on identifying the target binding molecules of Nd,
and the mechanism via which Nd suppresses the fusion of
pre-OCs and the pit formation of mature OCs might be
elucidated.

Collectively, our data demonstrate that Nd can suppress
osteoclastogenesis and periodontal bone loss. This effect is
mediated by scavenging RANKL-induced ROS activity and
the suppression of RANKL-stimulated activation of JNK,
ERK, PLCy2, c-Fos, and NFATcl signaling pathways during
OC formation and bone resorption. Taken together, our
data suggest that Nd may represent a potential agent for
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Invasive infections due to Staphylococcus aureus, including methicillin-resistant
S. aureus are prevalent and life-threatening. Combinations of antibiotic therapy have
been employed in many clinical settings for improving therapeutic efficacy, reducing
side effects of drugs, and development of antibiotic resistance. Pleuromutilins have a
potential to be developed as a new class of antibiotics for systemic use in humans.
In the current study, we investigated the relationship between pleuromutilins, including
valnemulin, tiamulin, and retapamulin, and 13 other antibiotics representing different
mechanisms of action, against methicillin-susceptible and -resistant S. aureus both
in vitro and in an experimental Galleria mellonella model. In vitro synergistic effects
were observed in combination of all three study pleuromutilins with tetracycline (TET)
by standard checkerboard and/or time-kill assays. In addition, the combination of
pleuromutilins with ciprofloxacin or enrofloxacin showed antagonistic effects, while the
rest combinations presented indifferent effects. Importantly, all study pleuromutilins in
combination with TET significantly enhanced survival rates as compared to the single
drug treatment in the G. mellonella model caused by S. aureus strains. Taken together,
these results demonstrated synergy effects between pleuromutilins and TET against
S. aureus both in vitro and in vivo.

Keywords: pleuromutilins, other antibiotics, antibiotic combination, Staphylococcus aureus, Galleria mellonella
model

INTRODUCTION

Staphylococcus aureus is a predominant cause of community-acquired and healthcare-associated
infection in human (VanEperen and Segreti, 2016). In particular, it is the most
common cause of life-threatening endovascular infections. Despite modern antibiotic
treatment, morbidity and mortality with such syndromes remain unacceptably high
(Boucher and Sakoulas, 2007; Boucher et al., 2010). In addition, the growing population in
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methicillin-resistant S. aureus (MRSA) infections and the
dwindling industry investment in anti-infective development
further portend a looming threat of untreatable infections (Deng
et al, 2017). Therefore, there is a great need to find novel
strategies for the treatment of these invasive infections. One
of important approaches is the combinations of preexisting
antibiotics which has been addressed by our current studies.

Pleuromutilins were discovered as natural-product antibiotics
in 1950s (Kavanagh et al., 1951). Tiamulin (TIA) was the
first pleuromutilin compound to be approved for veterinary
use in 1979, followed by valnemulin (VAL) in 1999 (Sader
et al., 2012). Retapamulin (RET) became the first pleuromutilin
approved for use in humans, only topical application in 2007.
Recently, synthesized pleuromutilins, which combine potent
antibacterial activity with favorable pharmaceutical properties,
make these compounds suitable for systemic administration
in humans (Zeitlinger et al., 2016). Pleuromutilins inhibit
bacterial growth via a specific interaction with the 23S rRNA
of the 50S bacterial ribosome subunit that is responsible for
bacterial protein synthesis (Davidovich et al., 2007). Their unique
mechanism of action implies a broad antibacterial spectrum
against a wide range of both Gram-positive and Gram-negative
bacteria (Paukner et al, 2013), including MRSA, as well a
low probability of cross resistance with other antibiotics and
development of resistance.

Although pleuromutilins have been used in clinical settings
for almost 40 years, very little is known about their interaction
with other antibiotics. Therefore, in the current study, we
tested the combination of pleuromutilins with other antibiotics
representing diverse mechanisms of action, including targeting
protein, cell wall, DNA gyrase and folic acid syntheses against
methicillin-susceptible S. aureus (MSSA) and MRSA in vitro and
in an experimental Galleria mellonella model.

MATERIALS AND METHODS

Antimicrobial Agents, Bacterial Strains,

and Growth Conditions
Three pleuromutilins, including TIA, VAL, and RET, and 13
other antimicrobial agents were selected for our studies based on
their mechanism of action (Table 1). All study antibiotics were
purchased from Guangzhou Xiang Bo Biological Technology
Co., Ltd. (Guangzhou, China). Antibiotic stocks solutions were
prepared according to the manufacturer’s recommendations.
Two standard S. aureus strains (MSSA ATCC 29213 and
MRSA ATCC 43300) and two S. aureus clinical strains (MSSA
N54 and MRSA N9) were used in this study. All strains
were incubated overnight at 37°C in brain heart infusion
(BHI). Mueller-Hinton broth (MHB) was used for all in vitro
susceptibility assays.

Determination of MICs

Determination of the study antibiotic MICs was conducted by
broth microdilution as recommended by the CLSI guidelines
(CLSI, 2013).

Determination of Fractional Inhibitory
Concentration Index (FICI) by a
Checkerboard Method

A checkerboard technique was employed to delineate
the Fractional Inhibitory Concentration Index (FICI) of
pleuromutilins plus antibiotic combinations (White et al,
1996). Briefly, 96 well plates containing serial dilutions of
pleuromutilins + antibiotic (range, 0.125 x MIC to 4 x MIC)
were inoculated with 5 x 10° of S. aureus and incubated for
18 h. Control wells were free of pleuromutilins or antibiotic.
After incubation, plates were screened for visual growth. The
FICI were then calculated as previously described (<0.5, synergy;
0.6-1.0, additivity; 1.1-4.0, indifference; >4.0, antagonism)
(White et al., 1996; Odds, 2003).

In Vitro Time-Kill Curves

Time-kill curves of pleuromutilins (VAL, TIA, and RET at
0.5 x MIC) and tetracycline (TET) (0.5 x MIC) alone, and
in combination were carried in glass flasks containing a final
inoculum of 5 x 10° CFU/mL of the study S. aureus strain
at 37°C with shaking for 24 h. At 0, 3, 6, 9, and 24 h
of incubation, 0.1 mL aliquots were taken from each group,
serially diluted in sterile saline, plated onto MH agar plates, and
incubated at 37°C for 24 h for a viable count enumeration. All
experiments were performed at least three times on different

days.

Galleria mellonella Model

A well-characterized G. mellonella model was used in this study
based on previous publication (Desbois and Coote, 2011). Larvae
of G. mellonella were obtained from Kaide Ruixin Co., Ltd.
(Tianjin, China). In order to determine the optimal infection
doses of the study S. aureus strains, G. mellonella larvae
(~250 mg with a creamy color) were randomly distributed in
six experimental groups (n = 10/group), and were then infected

TABLE 1 | Antibiotics used in this study.

Antibiotics Abbreviation Classification Primary target
Cefotaxime CTX Cephalosporins Cell wall
Erythromycin ERY Macrolides Protein synthesis 50S
Florfenicol FFC Phenicols Protein synthesis 50S
Clindamycin CLI Lincosamides Protein synthesis 50S
Ciprofloxacin CIP Fluoroquinolones DNA gyrase
Enrofloxacin ENR Fluoroquinolones DNA gyrase
Gentamicin GEN Aminoglycosides Protein synthesis 30S
Amikacin AMK Aminoglycosides Protein synthesis 30S
Tetracycline TET Tetracyclines Protein synthesis 30S
Valnemulin VAL Pleuromutilins Protein synthesis 50S
Tiamulin TIA Pleuromutilins Protein synthesis 50S
Retapamulin RET Pleuromutilins Protein synthesis 50S
Vancomycin VAN Glycopeptides Cell wall

Bacitracin BCR Polypeptides Cell wall
Sulfamethoxazole SMZ Sulfonamides Folic acid
Trimethoprim T™MP Diaminopyrimidines  Folic acid
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TABLE 2 | The minimum inhibitory concentrations (MICs) of antibiotics against
Staphylococcus aureus strains.

MICs (mg/L)
Antibiotics ATCC 29213 ATCC 43300 N54 N9
CTX 4 16 4 16
ERY 0.25 0.25 0.25 0.25
FFC 8 8 8 8
CLI 0.25 0.125 0.125 1
CIP 0.25 0.5 0.5 0.5
ENR 0.125 0.125 0.25 0.25
GEN 0.5 1 0.5 0.5
AMK 1 4 1 4
TET 0.5 0.5 64 64
VAL 0.0625 0.0625 0.0625 0.0625
TIA 0.5 0.5 0.5 0.5
RET 0.0625 0.03125 0.0625 0.0625
VAN 1 1 1 1
BCR 64 64 32 64
SMz 128 >256 >256 >256
T™MP 4 >256 >256 >256

CTX, cefotaxime; ERY, erythromycin;, FFC, florfenicol, CLI, clindamycin; CIR,
ciprofloxacin; ENR, enrofloxacin; GEN, gentamicin; AMK, amikacin; TET,
tetracycline; VAL, valnemulin; TIA, tiamulin; RET, retapamulin; VAN, vancomycin;
BCR, bacitracin; SMZ, sulfamethoxazole; TMR, trimethoprim; ATCC 29213 and
N54: MSSA; ATCC 4330 and N9: MRSA.

by injection of 10 pwL of logarithmic phase S. aureus cells
(10°-10° CFU/larval) into the last left proleg. After injection, the
larvae were incubated in plastic Petri dishes at 37°C for 5 days and
scored for survival daily. In all experiments, two controls were
included: (1) PBS injections and (2) without any injection.

The in vivo efficacy of VAL, TIA, and RET alone, and
in combination with TET or CIP was assessed in the same
G. mellonella model caused by study S. aurues strains using the
optimal infection doses as determined above (~10° CFU/larva).
At 2 h post-infection, animals were randomized to receive no
therapy or VAL, TIA, RET, TET, CIP alone, or VAL4TET,
TIA+TET, RET+HTET, VAL+CIP, TIA+CIP, or RETHCIP
(n = 16/group). The antibiotics were administered only once
(10 pL) into the last right proleg at doses of VAL, 10 mg/kg;
TIA, 10 mg/kg; RET, 10 mg/kg; TET, 20 mg/kg; or CIP, 20 mg/kg.
Larvae were observed daily for 5 days and percent of survival was
calculated for each group.

Statistical Analyses

Statistical tests were performed using GraphPad Prismv.5.04
(GraphPad Software Inc., San Diego, CA, United States). The
in vivo survival data were plotted using the log rank test. P-value
of <0.05 was considered significant.

RESULTS

MICs of Antimicrobials against S. aureus
The MICs of study antibiotics against S. aureus strains are showed
in Table 2. The MICs VAL, TIA, and RET on ATCC 29213, ATCC

43300, N9, and N54 were ranged from 0.03125 to 0.5 mg/L. The
MICs of TET against the two ATCC strains were 0.5 mg/L which
are considered susceptible by CLSI guidance. However, the two
study clinical S. aureus strains were resistant to TET with MICs
of 64 mg/L based on the CLSI break point (CLSI, 2015).

FICI Determination

The FICI of study antibiotic combinations are shown in
Table 3. For all study strains, the FICI of the VAL/TET
and RET/TET combinations were 0.375-0.5 indicating synergy
effects. Tiamulin/tetracycline combination showed synergistic
action against S. aureus ATCC 29213 strain, but additivity effect
on ATCC 43300 and the two clinical strains with FICI of
0.75. While the FICI of VAL, TIA, RET in combination with
CIP, or ENR were 4 or 5 that demonstrate antagonistic effects.
Moreover, the interactions of other antibiotic combinations with
pleuromutilins resulted in indifference with the FICI of 1.5 or 2
(data not shown for TIA and RET in combination with the other
antibiotics).

In Vitro Time-Killing Curves

The in vitro time-kill activities of the combination of
pleuromutilins with TET at concentrations of 0.5 x MIC
against study S. aureus strains are shown in Figure 1 and
specific logjg CFU/mL changes are shown in Table 4. All three

TABLE 3 | The fractional inhibitory concentrations index (FICI) of the combinations
of antimicrobial agents against Staphylococcus aureus.

Antibiotics FICI Interaction
combination  ATCC 29213 ATCC 43300 N54 N9
VAL+CTX 2 2 2 2 Indifferent
VAL+ERY 2 2 2 2 Indifferent
VAL4-FFC 1.5 1.5 2 2 Indifferent
VAL+CLI 2 2 2 2 Indifferent
VAL+CIP 5 5 4 5 Antagonistic
VAL+ENR 5 5 4 5 Antagonistic
VAL4+GEN 2 2 2 2 Indifferent
VAL+AMK 2 2 2 2 Indifferent
VAL+TET 0.375 0.5 0.5 0.5 Synergistic
VAL+VAN 2 2 2 2 Indifferent
VAL+BCR 1.5 2 2 2 Indifferent
VAL+SMZ 2 2 2 2 Indifferent
VAL+TMP 2 2 2 2 Indifferent
TIA+TET 0.5 0.75 0.75 0.75  Synergistic
or additivity
RET+TET 0.5 0.5 0.5 0.5 Synergistic
TIA+CIP 4 4 4 4 Antagonistic
TIA+ENR 4 4 4 4 Antagonistic
RET+CIP 4 4 4 4 Antagonistic
RET+ENR 4 5 5 5 Antagonistic

CTX, cefotaxime; ERY, erythromycin; FFC, florfenicol, CLI, clindamycin; CIR
ciprofloxacin;, ENR, enrofloxacin; GEN, gentamicin, AMK, amikacin; TET,
tetracycline;, VAL, valnemulin; TIA, tiamulin; RET, retapamulin; VAN, vancomycin;
BCR, bacitracin; SMZ, sulfamethoxazole; TMR, trimethoprim; ATCC 29213 and
N54: MSSA; ATCC 4330 and N9: MRSA.
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FIGURE 1 | Time-kill curves of VAL, TIA, RET, and TET alone and in combinations against ATCC 29213 (A), ATCC 43300 (B), MSSA N54 (C), and MRSA N9 (D).
Results show the mean + standard error from three independent experiments.

study pleuromutilins in combination with TET had synergy
effects against all study ATCC and clinical S. aureus strains. For
instance, the combination of VAN with TET caused more than
2 logjo CFU/mL reductions on both MSSA and MRSA strains

as compared with the most active antibiotic alone (Figure 1 and
Table 4).

Optimal Inoculum Dose in the

G. mellonella Model

A good infective dose-dependent survival rate was observed
during 5 days post-infection time period in the G. mellonella
model caused by the study S. aureus strains (Supplementary
Figures S1A-D represent ATCC 29213, ATCC 43300, N54, and
N9, respectively). At approximate 10° CFU/larval infection

dose, infected larval had 20-60% survival rates during
experimental time period. At 10°-10* CFU/larval infection
doses, larval survival rates were 70-100% during the 5 days,
while at approximate 103 CFU/larval for ATCC 43300, and
10° CFU/larval for other three S. aureus strains, animals dead
within 24 h post-infection. Therefore, 10° CFU/larval challenge
dose was selected for the efficacy experiments in the model.

Efficacy of Antibiotics for G. mellonella

The efficacies of pleuromutilins alone and in combination with
TET against the four study S. aureus strains in the G. mellonella
model were presented in Figures 2—4 for VAL, TIA, and
RET, respectively. In this study, VAL and TET monotherapy
increased G. mellonella survival from infections caused by all
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TABLE 4 | The log change (log1p CFU/mL) between the combinations vs. initial
inoculum and the most active single agent after 24 h of incubation.

Colony changes (logjo CFU/mL) at 24 h

ATCC 29213 ATCC 43300 N54 N9

VALHTET  vs. initital inoculum —-3.37 —6.19 —-5.71 —4.15
vs. most active drug —2.35 —4.26 —-3.78 —-3.13
TIA+TET  vs. initital inoculum —-5.24 —6.30 -3.21 -3.65
vs. most active drug —4.04 —5.03 —291 -38.41
RET+ TET vs. initital inoculum —4.44 —5.87 —-3.71 —-4.72
vs. most active drug —2.84 —3.94 —2.85 —-4.35

Valnemulin (VAL), tiamulin (TIA), retapamulin (RET), and tetracycline (TET).
1/2 x MICs of all antibiotics were used in this assay.

study S. aureus strains. Importantly, the combination of VAL
with TET significantly increased survival as compared with VAL
and TET treatment alone in the model (Figure 2; p < 0.05).
Similarly, the combinations of TIA/TET and RET/TET also
significantly improved animal survival rates as compared with
monotherapy (Figures 3, 4, respectively; p < 0.05). The efficacies
of pleuromutilins alone and in combination with CIP against
the four study S. aureus strains in the G. mellonella model
were presented in Figure 5. The combinations of VAL/CIP,
TIA/CIP, and RET/CIP did not improve the larvae survival rates
as compared with monotherapy.

DISCUSSION

The emergence of multiple drug-resistant bacteria is a great
threat to public health. Antibiotics combinations offer potential

strategies to increase the therapeutic efficacy of antibiotics
against infections caused by drug-resistant microorganism. Some
recent studies have demonstrated that the combination of
pleuromutilins derivative with doxycycline had synergy effect
against multidrug-resistant Acinetobacter baumannii in vitro
(Siricilla et al.,, 2017). Another investigation showed that TIA
had a synergistic antimicrobial effect when in combination with
chlortetracycline against Mycoplasma infection in birds (Islam
et al, 2008). The present study was designed to study the
anti-S. aureus activity of pleuromutilins (VAL, TIA, and RET)
alone and in combination with other antibiotics with different
mechanism of action both in vitro and in vivo.

We demonstrated that all study S. aureus strains, including
MSSA and MRSA, had very low pleuromutilins MICs ranged
from 0.03125 to 0.5 mg/L. In addition, the two study ATCC
S. aureus strains are susceptible to TET, while the two clinical
S. aureus strains were resistant to TET. Interestingly, synergistic
effects of all study pleuromutilins, VAL, TIA, and RET, in
combinations with TET were observed in vitro by a standard
checkerboard methods and/or time-kill curves. However,
antagonistic effects were exhibited in the combinations of
pleuromutilins with two study fluoroquinolones (CIP and ENR).
The exact mechanisms of these different interactions between
pleuromutilins with other classes of antibiotic are not well
identified. It is know that both pleuromutilins and TET belong
to bacteriostatic agents. However, pleuromutilins and TET
bind to bacterial 50S and 30S subunit of microbial ribosomes,
respectively. Thus, the synergy effects between these two
antibiotics might be due to their different bacterial targets and/or
more complex relationships when they combined (Bollenbach,
2015). In consistence with other studies, we demonstrated
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that the combination of bacteriostatic with bactericidal
antibiotics exhibited antagonism (e.g., pleuromutilins plus
fluoroquinolones) or indifference effects (e.g., pleuromutilins
in combination with most study bactericidal antibiotics)
(Yeh et al., 2006; Ocampo et al., 2014). The mechanism of
fluoroquinolones is to inhibit bacterial replication by blocking
their DNA replication pathway (Bollenbach et al., 2009). On the
other hand, pleuromutilins inhibit protein synthesis. Therefore,
these different mechanisms of action might contribute to the

antagonism effects between pleuomutilins and fluoroquinolones.
However, the exact mechanism of these phenotypes is not
clear up to date. In addition, it has been reported that these
antagonism and indifference effects were antibiotics and/or
organisms dependent (Pankey and Sabath, 2004; Ocampo et al.,
2014).

Importantly, to the best of our knowledge, this is the first
study demonstrated the synergy effects between pleuromutilins
and TET in the experiment of G. mellonella infection model
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FIGURE 5 | Survival rates of VAL (A), TIA (B), RET (C), and CIP alone and in
combination treatment in an experimental G. mellonella model caused by
S. aureus strains ATCC 29213, ATCC 43300, MSSA N54, and MRSA N9.

caused by MSSA and MRSA strains. Our results showed that the
combination of VAL with TET significantly increased survival
rates of animals infected by all study S. aureus strains as compared
to the single treatment, with increased percent of survival from
30 to 90%. However, the combination of pleuromutilins with
CIP do not increase survival rates of animals infected by all
study S. aureus strains as compared to the single treatment,
which is similar to the in vitro antagonistic effects by the
checkerboard test. Recently, Desbois et al. used the same
G. mellonella infection model due to S. aureus and demonstrated
that anti-staphylococcal antibiotics, such as daptomycin and
vancomycin, could increase larval survival (Desbois and Coote,

2011). In addition, penicillin improved survival of larvae infected
with a penicillin-susceptible MRSA strain, but was ineffective
with penicillin-resistant MRSA (Desbois and Coote, 2011). These
results indicated that the G. mellonella model is useful for
assessing the in vivo efficacy of anti-S. aureus agents.

CONCLUSION

In the current studies, synergistic effects between pleuromutilins
and TET were demonstrated both in vitro and in an experimental
G. mellonella model caused by all four study MSSA and MRSA
strains. There were no significant differences among the three
pleuromutilins observed in in vitro assays, as well as in the in vivo
animal mode. These findings provided important information
that anti-staphylococcal effect of pleuromutilins is increased
when it combined with TET. In addition, our study confirmed
that the G. mellonella mode is a useful tool to investigate
the in vivo efficacy of antimicrobial agents against S. aureus
infections. We realized that our studies have some limitations.
For instance, we only studied two ATCC and two clinical
S. aureus strains. Future studies will include more MSSA and
MRSA isolates. In addition, other animal models (e.g., murine
bacteremia, skin and soft tissues infections) are needed to confirm
the in vivo efficacy between pleuromutilins and other antibiotics.
Moreover, we are interested in defining the mechanism of the
antibiotic combined actions against S. aureus.

AUTHOR CONTRIBUTIONS

Y-HL and JS conceived this study and participated in its design
and coordination. C-LD and YX designed the experiment and
drafted the manuscript. C-LD, L-XL, and J-QL carried out the
G. mellonella model experiments. S-WC, Z-HC, and YG carried
out the time-kill curve studies and the checkerboard method.
X-PL participated in the data analysis and revision of manuscript.
All authors read and approved the final manuscript.

FUNDING

This work was supported by the National Key Research
and Development Program (2016YFD0501300), Program for
Changjiang Scholars and Innovative Research Team in University
of Ministry of Education of China (IRT13063), and Science and
Technology Program of Guangzhou, China (2012A020800004).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fphar.2017.
00553/full#supplementary- material

FIGURE S1 | Kill kinetics of strains: ATCC 29213 (A); ATCC 43300 (B); MSSA
N54 (C); and MRSA N9 (D) at various numbers of CFU/mL in Galleria mellonella
over 120 h.

Frontiers in Pharmacology | www.frontiersin.org

August 2017 | Volume 8 | Article 553


http://journal.frontiersin.org/article/10.3389/fphar.2017.00553/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fphar.2017.00553/full#supplementary-material
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Dong et al.

Combination of Pleuromutilins with Other Antibiotics against S. aureus

REFERENCES

Bollenbach, T. (2015). Antimicrobial interactions: mechanisms and implications
for drug discovery and resistance evolution. Curr. Opin. Microbiol. 27, 1-9.
doi: 10.1016/j.mib.2015.05.008

Bollenbach, T., Quan, S., Chait, R., and Kishony, R. (2009). Nonoptimal microbial
response to antibiotics underlies suppressive drug interactions. Cell 139,
707-718. doi: 10.1016/j.cell.2009.10.025

Boucher, H., Miller, L. G., and Razonable, R. R. (2010). Serious infections caused
by methicillin-resistant Staphylococcus aureus. Clin. Infect. Dis. 51(Suppl. 2),
$183-S197. doi: 10.1086/653519

Boucher, H. W., and Sakoulas, G. (2007). Perspectives on Daptomycin resistance,
with emphasis on resistance in Staphylococcus aureus. Clin. Infect. Dis. 45,
601-608. doi: 10.1086/520655

CLSL. (2013). Performance Standards for Antimicrobial Disk and Dilution
Susceptibility Tests for Bacteria Isolated From Animals CLSI Document VETO01-
A4, 4th Edn. Wayne, PA: Clinical and Laboratory Standard Institute.

CLSL. (2015). Performance Standards for Antimicrobial Susceptibility Testing CLSI
M100-S25. Wayne, PA: Clinical and Laboratory Standards Institute.

Davidovich, C., Bashan, A., Auerbach-Nevo, T., Yaggie, R. D., Gontarek, R. R., and
Yonath, A. (2007). Induced-fit tightens pleuromutilins binding to ribosomes
and remote interactions enable their selectivity. Proc. Natl. Acad. Sci. U.S.A. 104,
4291-4296. doi: 10.1073/pnas.0700041104

Deng, F., Wang, H., Liao, Y., Li, J.,, Fessler, A. T., Michael, G. B., et al.
(2017). Detection and genetic environment of pleuromutilin-lincosamide-
streptogramin a resistance genes in staphylococci isolated from pets. Front.
Microbiol. 8:234. doi: 10.3389/fmicb.2017.00234

Desbois, A. P., and Coote, P. J. (2011). Wax moth larva (Galleria mellonella):
an in vivo model for assessing the efficacy of antistaphylococcal
agents. J. Antimicrob. Chemother. 66, 1785-1790. doi: 10.1093/jac/
dkr198

Islam, K. M., Afrin, S., Khan, M. J., Das, P. M., Hassan, M. M., Valks, M., et al.
(2008). Compatibility of a combination of tiamulin plus chlortetracycline with
salinomycin in feed during a long-term co-administration in broilers. Poult. Sci.
87, 1565-1568. doi: 10.3382/ps.2008-00071

Kavanagh, F., Hervey, A., and Robbins, W. J. (1951). Antibiotic substances
from basidiomycetes VIII. Pleurotus Multilus (Fr.) Sacc. and Pleurotus
passeckerianus Pilat. Proc. Natl. Acad. Sci. U.S.A. 37, 570-574. doi: 10.1073/
pnas.37.9.570

Ocampo, P. S., Lazar, V., Papp, B., Arnoldini, M., Abel zur Wiesch, P., Busa-
Fekete, R., et al. (2014). Antagonism between bacteriostatic and bactericidal
antibiotics is prevalent. Antimicrob. Agents Chemother. 58, 4573-4582.
doi: 10.1128/AAC.02463- 14

Odds, F. C. (2003). Synergy, antagonism, and what the chequerboard puts between
them. J. Antimicrob. Chemother. 52:1. doi: 10.1093/jac/dkg301

Pankey, G. A., and Sabath, L. D. (2004). Clinical relevance of bacteriostatic versus
bactericidal mechanisms of action in the treatment of gram-positive bacterial
infections. Clin. Infect. Dis. 38, 864-870. doi: 10.1086/381972

Paukner, S., Sader, H. S., Ivezic-Schoenfeld, Z., and Jones, R. N. (2013).
Antimicrobial activity of the pleuromutilin antibiotic BC-3781 against bacterial
pathogens isolated in the SENTRY antimicrobial surveillance program in 2010.
Antimicrob. Agents Chemother. 57, 4489-4495. doi: 10.1128/AAC.00358-13

Sader, H. S., Biedenbach, D. J., Paukner, S., Ivezic-Schoenfeld, Z., and Jones,
R. N. (2012). Antimicrobial activity of the investigational pleuromutilin
compound BC-3781 tested against Gram-positive organisms commonly
associated with acute bacterial skin and skin structure infections. Antimicrob.
Agents Chemother. 56, 1619-1623. doi: 10.1128/AAC.05789-11

Siricilla, S., Mitachi, K., Yang, J., Eslamimehr, S., Lemieux, M. R., Meibohm, B.,
etal. (2017). A new combination of a pleuromutilin derivative and doxycycline
for treatment of multidrug-resistant Acinetobacter baumannii. J. Med. Chem.
60, 2869-2878. doi: 10.1021/acs.jmedchem.6b01805

VanEperen, A. S., and Segreti, J. (2016). Empirical therapy in methicillin-resistant
Staphylococcus aureus infections: an up-to-date approach. J. Infect. Chemother.
22, 351-359. doi: 10.1016/j.jiac.2016.02.012

White, R. L., Burgess, D. S., Manduru, M., and Bosso, J. A. (1996). Comparison of
three different in vitro methods of detecting synergy: time-Kkill, checkerboard,
and E test. Antimicrob. Agents Chemother. 40, 1914-1918.

Yeh, P, Tschumi, A. I, and Kishony, R. (2006). Functional classification of drugs by
properties of their pairwise interactions. Nat. Genet. 38, 489-494. doi: 10.1038/
ngl755

Zeitlinger, M., Schwameis, R., Burian, A., Burian, B., Matzneller, P., Muller, M.,
et al. (2016). Simultaneous assessment of the pharmacokinetics of a
pleuromutilin, lefamulin, in plasma, soft tissues and pulmonary epithelial lining
fluid. J. Antimicrob. Chemother. 71, 1022-1026. doi: 10.1093/jac/dkv442

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Dong, Li, Cui, Chen, Xiong, Lu, Liao, Gao, Sun and Liu. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

103

August 2017 | Volume 8 | Article 553


https://doi.org/10.1016/j.mib.2015.05.008
https://doi.org/10.1016/j.cell.2009.10.025
https://doi.org/10.1086/653519
https://doi.org/10.1086/520655
https://doi.org/10.1073/pnas.0700041104
https://doi.org/10.3389/fmicb.2017.00234
https://doi.org/10.1093/jac/dkr198
https://doi.org/10.1093/jac/dkr198
https://doi.org/10.3382/ps.2008-00071
https://doi.org/10.1073/pnas.37.9.570
https://doi.org/10.1073/pnas.37.9.570
https://doi.org/10.1128/AAC.02463-14
https://doi.org/10.1093/jac/dkg301
https://doi.org/10.1086/381972
https://doi.org/10.1128/AAC.00358-13
https://doi.org/10.1128/AAC.05789-11
https://doi.org/10.1021/acs.jmedchem.6b01805
https://doi.org/10.1016/j.jiac.2016.02.012
https://doi.org/10.1038/ng1755
https://doi.org/10.1038/ng1755
https://doi.org/10.1093/jac/dkv442
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

',\' frontiers

in Pharmacology

MINI REVIEW
published: 21 February 2018
doi: 10.3389/fphar.2018.00144

OPEN ACCESS

Edited by:

Yuhei Nishimura,

Mie University Graduate School
of Medicine, Japan

Reviewed by:

Claudio Sorio,

University of Verona, Italy

Cesario Bianchi,

University of Mogi das Cruzes, Brazil
Tetsuo Nakata,

Kyoto Pharmaceutical University,
Japan

*Correspondence:
Shinji Takai
pha010@art.osaka-med.ac.jp

Specialty section:

This article was submitted to
Experimental Pharmacology and Drug
Discovery,

a section of the journal

Frontiers in Pharmacology

Received: 27 September 2017
Accepted: 09 February 2018
Published: 21 February 2018

Citation:

Takai S and Jin D (2018) Chymase
Inhibitor as a Novel Therapeutic Agent
for Non-alcoholic Steatohepatitis.
Front. Pharmacol. 9:144.

doi: 10.3389/fohar.2018.00144

®

Check for
updates

Chymase Inhibitor as a Novel
Therapeutic Agent for Non-alcoholic
Steatohepatitis

Shinji Takai* and Denan Jin
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Non-alcoholic steatohepatitis (NASH) is characterized by inflammation and fibrosis, in
addition to steatosis, of the liver, but no therapeutic agents have yet been established.
The mast cell protease chymase can generate angiotensin I, matrix metalloproteinase-9
and transforming growth factor-g, all of which are associated with liver inflammation or
fibrosis. In animal models of NASH, augmented chymase has been observed in the liver.
In histological analysis, chymase inhibitor prevented hepatic steatosis, inflammation, and
fibrosis. Chymase inhibitor also attenuated the augmentation of angiotensin Il, matrix
metalloproteinase-9, and transforming growth factor-p observed in the liver of NASH.
Oxidative stress, inflammatory markers, and collagen were attenuated by chymase
inhibition. Moreover, chymase inhibitor showed a mitigating effect on established NASH,
and survival rates were significantly increased by treatment with chymase inhibitor. In this
review, we propose that chymase inhibitor has potential as a novel therapy for NASH.

Keywords: angiotensin Il, chymase, fibrosis, inflammation, inhibitor, matrix metalloproteinase-9, non-alcoholic
steatohepatitis, transforming growth factor-g

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) has been recognized as the most common form of liver
disease (Angulo, 2002; Clark et al., 2002). Non-alcoholic steatohepatitis (NASH) mimics alcoholic
hepatitis despite the absence of a history of drinking (Ludwig et al., 1980). NAFLD and NASH are
associated with metabolic syndrome resulting from obesity, insulin resistance, hyperlipidemia, and
hypertension. NAFLD is considered to be the most common liver disease and typically presents
as simple hepatic steatosis (Tiniakos et al., 2010). In contrast, NASH is characterized by severe
steatosis, lobular inflammation, and fibrosis of the liver (Powell et al., 1990; Bertot and Adams,
2016). Although the mechanism responsible for the development of NASH remains unclear, NASH
is proposed to be caused by a ‘multiple-hit’ process, with hepatic steatosis as the ‘first hit’ and
subsequent hits such as inflammation, oxidative stress, and endotoxins (Tilg and Moschen, 2010).
NASH is closely related to metabolic syndrome, and several clinical studies have investigated the
therapeutic treatment of NASH by focusing on the symptoms of diabetes, hyperlipidemia, and
hypertension (Georgescu et al., 2009; Park et al., 2010; Mahady et al., 2011). However, no commonly
accepted therapeutic agents have been established.

Chymase may be involved in the pathogenesis of hepatic fibrosis. Chymase activity was
significantly increased in the livers of patients with fibrosis or cirrhosis and there was a significant
correlation between chymase level and degree of fibrosis (Komeda et al., 2008). Although increased
chymase activity has not been reported in patients with NASH, it has been observed in animal
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models of NASH (Tashiro et al., 2010; Masubuchi et al., 2013;
Miyaoka et al., 2017). In contrast, the inhibition of chymase
using low molecule inhibitors resulted in a significant reduction
of inflammation, steatosis, and fibrosis in rat and hamster
NASH models (Tashiro et al., 2010; Masubuchi et al., 2013;
Miyaoka et al., 2017). These findings indicate that chymase may
be involved in inflammation, steatosis, and fibrosis during the
development and progression of NASH (Figure 1).

MULTIPUL FUNCTIONS OF CHYMASE

Chymase in Mast Cells

Chymase (EC 3.4.21.39) is expressed in the secretory granules
of mast cells. Chymase is produced as an inactive prochymase
within secretory granules, and requires dipeptidyl peptidase I
(DPPI) for activation. DPPI is a thiol proteinase and its optimum
pH is 6.0. The optimal pH value is consistent with the proposed
function of DPPI to activate prochymase, since the pH within
secretory granules is regulated at pH 5.5 (De Young et al., 1987)
(Figure 2). However, chymase has no enzymatic activity within
mast cells at this pH, because the optimal pH for chymase is
between 7 and 9 (Takai et al., 1996, 1997). Following activation
of mast cell granules by stimuli such as inflammation and injury,
chymase is released and exhibits enzymatic function at its optimal
pH 7.4 (Figure 2).

Obesity

Hyperlipidemia

Hypertension Diabetes

First hits

Steatosis

Multiple hits
Inflammation
Oxidative stress
Endotoxines

Fibrosis

Inflammation

FIGURE 1 | NAFLD and NASH are linked to metabolic syndrome by obesity,
insulin resistance, hyperlipidemia, and hypertension. NASH is thought to
develop via a ‘multiple-hit’ process, with hepatic steatosis as the “first hit” and
subsequent hits such as inflammation, oxidative stress and endotoxins, and is
characterized by severe steatosis, inflammation, and fibrosis. Chymase may
be involved in the progression of steatosis, inflammation, and fibrosis in liver.
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FIGURE 2 | Chymase is stored in the secretory granules of inactive mast
cells. The pH within granules is maintained at pH 5.5, a condition in which
chymase has no enzymatic activity. Chymase exhibits its enzymatic functions,
such as formation of angiotensin Il, MMP-9, TGF-g, collagen | and SCF, upon
release from mast cell granules, following activation by inflammation and injury.

Multiple Enzymatic Functions of

Chymase

Chymase is a serine protease and cleaves the C-terminal side
of proteins after aromatic amino acids such as Phe, Tyr, and
Trp in general. Chymase can cleave the Phe®-His’ bond of
the non-bioactive peptide angiotensin I and form its bioactive
peptide angiotensin II in mammalian tissues including human
(Urata et al., 1990; Takai et al., 1996, 1997). In addition, chymase
enzymatically cleaves the precursors of matrix metalloproteinase
(MMP)-9, transforming growth factor (TGF)-f and collagen I
to their active forms (Kofford et al., 1997; Takai et al., 2003;
Furubayashi et al., 2008). Furthermore, enzymatic function of
chymase can produce stem cell factor (SCF) by enzymatic
cleavage of the inactive membrane-bound form of SCF, which
induces the formation of mature mast cells from immature mast
cells via the stimulation of c-kit receptor (Longley et al., 1997).
Thus, chymase has multiple enzymatic functions, including
activation of angiotensin II, MMP-9, TGF-B, collagen I, and SCF
(Figure 2).

Enzymatic Function of Chymase in NASH
Angiotensin II may promote hepatic steatosis and inflammation
by increasing reactive oxygen species (ROS) following
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stimulation of angiotensin II receptors in animal NASH
models (Hirose et al., 2007; Nabeshima et al., 2009). Angiotensin
IT also induced hepatic fibrosis via induction of a-smooth muscle
actin (SMA) in hepatic stellate cells (HSCs) (Yoshiji et al,
2001). MMP-9 has been reported to induce the infiltration of
neutrophils and macrophages via degradation of intercellular
matrixes such as vitronectin and fibronectin, resulting in
augmentation of inflammation (Medina et al., 2006). In NASH
patients, a significant increase of MMP-9 gene expression was
observed in the liver compared to normal controls (Ljumovic
etal., 2004). Hepatic overexpression of TGF-p in transgenic mice
produced severe hepatic fibrosis via augmentation of procollagen
I gene expression (Casini et al., 1993). Both TGF-f formation and
collagen I accumulation are known to induce hepatic fibrosis.
Activation of SCF induces increases in mast cell number, and
its enzymatic function may result in an increase of chymase
activity in fibrotic tissues (Maruichi et al., 2004). These enzymatic
functions of chymase may be involved in steatosis, inflammation
and fibrosis, all of which are observed in the livers of NASH
patients and animal models (Figure 2).

Involvement of Chymase in NASH Animal

Models

The methionine- and choline-deficient (MCD) diet has been
widely used to induce a typical NASH model. In hamsters fed the
MCD diet, significant increases in total bilirubin, triglyceride, and
hyaluronic acid were observed in plasma (Tashiro et al., 2010).
Moreover, accumulation of inflammatory cells and increases
of lipid deposit area and fibrotic area were observed in the
liver. In this MCD diet-induced NASH model, hepatic chymase
activity and related factors, such as angiotensin II, MMP-9 and
collagen I, were significantly increased (Tashiro et al., 2010;
Masubuchi et al., 2013). Recently, a new NASH model was
developed in which stroke-prone spontaneously hypertensive
5/Dmcr (SHRSP5/Dmcr) rats were fed a high-fat and -cholesterol
(HFC) diet (Kitamori et al., 2012). This model showed symptoms
of metabolic syndrome thought to clinically resemble those of
NASH patients (Kitamori et al., 2012). In the HFC diet-induced
NASH model, hypertension and hyperlipidemia were observed,
and severe steatosis, fibrosis, and inflammatory cell accumulation
were detected in the liver (Miyaoka et al., 2017). Further, a
significant augmentation of chymase activity was observed along
with MMP-9, TGF-B, and collagen I in the liver (Miyaoka et al.,
2017). Thus, there appears to be a close relationship between
chymase and NASH pathogenesis in animal models of NASH.

EFFECT OF CHYMASE INHIBITOR IN
NASH ANIMAL MODELS

Effect of Chymase Inhibitor in NASH
Animal Models

A low molecule chymase inhibitor significantly attenuated
chymase activity and decreased angiotensin II, MMP-9 and
collagen I levels in the liver in an MCD diet-fed NASH hamster
model, when administration of the inhibitor was initiated at the

same time as the MCD diet (Tashiro et al., 2010; Masubuchi et al.,
2013). The chymase inhibitor significantly prevented hepatic
steatosis, fibrosis, and inflammatory cell accumulation in this
NASH model (Tashiro et al., 2010; Masubuchi et al., 2013).
Oxidative stress is thought to play a role in the ‘multiple-hit
theory of NASH development, and augmentation of the oxidative
stress marker malondialdehyde was significantly attenuated in
the liver by the chymase inhibitor (Masubuchi et al., 2013).
In a hamster MCD diet-induced NASH model, the chymase
inhibitor showed an ameliorative effect when administered in
established NASH (Masubuchi et al., 2013). The degrees of both
steatosis and fibrosis in the liver were reduced compared to
before administration of the chymase inhibitor (Masubuchi et al.,
2013).

In the liver of a hypertensive rat HFC diet-induced NASH
model, a low molecule chymase inhibitor attenuated the levels of
chymase as well as MMP-9, TGF-f and collagen I, which are all
chymase-associated factors (Miyaoka et al., 2017). The chymase
inhibitor significantly attenuated hepatic steatosis and fibrosis,
and reduced myeloperoxidase as a marker of inflammation,
particularly of neutrophil infiltration (Miyaoka et al., 2017). In
this HFC diet-induced model, survival of the placebo-treated
group was 0% at 14 weeks following the start of the HFC diet,
and resulted from severe liver failure (Miyaoka et al., 2017).
However, the chymase inhibitor-treated group, in which the rats
were treated with the chymase inhibitor immediately following
the start of the HFC diet, showed 100% survival at 14 weeks.
Moreover, a 50% survival rate was reported for rats treated with
the chymase inhibitor beginning 8 weeks after the start of HFC
diet feeding, at which point NASH was established (Miyaoka
etal., 2017).

Therefore, chymase inhibitors could be useful agents for the
prevention and improvement of NASH in animal models. On
the other hand, angiotensin II also indirectly promotes hepatic
inflammation, steatosis, and fibrosis via increases of MMP-9 and
TGF-p gene expression. Both MMP-9 and TGF-f are closely
involved in the pathogenesis of NASH, but these factors are not
necessarily induced only by angiotensin II (Takai et al., 2010).
Factors other than angiotensin II stimulation contribute to the
increases of MMP-9 and TGF-B gene expression (Takai et al.,
2010). In such cases, angiotensin II receptor blocker (ARB) is not
able to attenuate MMP-9 and TGF-p actions; however, a chymase
inhibitor could have attenuating effects via inhibition of MMP-9
and TGF-p activation, indicating a potential treatment course for
the prevention of NASH progression.

Mechanism of Hepatic Inflammation
Attenuated by Chymase Inhibitor

Chymase inhibitor was able to reduce inflammation in hamster
MCD diet- and rat HFC diet-induced NASH models (Tashiro
et al, 2010; Masubuchi et al, 2013; Miyaoka et al., 2017).
Chymase inhibitor treatment significantly attenuated chymase
activity in the liver as well as reduced angiotensin II and
MMP-9 levels (Tashiro et al., 2010; Masubuchi et al., 2013;
Miyaoka et al, 2017). In HSC, angiotensin II induces ROS
generation such as hydrogen peroxide and superoxide through
the activation of nicotinamide adenine dinucleotide phosphate
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(NADPH) oxidase (De Minicis and Brenner, 2007). Chymase
inhibitor resulted in reductions in the gene expression of
the NADPH oxidase component Rac-1 and the oxidative
stress marker malondialdehyde in addition to a reduction
of angiotensin II levels in a hamster MCD-induced NASH
model (Masubuchi et al, 2013). Angiotensin II-induced
augmentation of ROS promoted MMP-9 gene expression
in neutrophils and macrophages (Yaghooti et al, 2011;
Kurihara et al,, 2012). Therefore, chymase inhibitor directly
inhibits the activation of proMMP-9 to MMP-9 and indirectly
reduces MMP-9 gene expression via decreased angiotensin
II. MMP-9 cleaves extracellular matrix constituents, such as
vitronectin and fibronectin, leads to the disintegration of
hepatic integrity and induces the infiltration of macrophages
and neutrophils (Medina et al., 2006). In a HFC diet-induced
NASH model, a significant increase in myeloperoxidase
expression in macrophages and neutrophils was observed in
the liver, and was reduced by chymase inhibitor (Miyaoka
et al., 2017). Therefore, the mechanism of inflammation
attenuated by chymase inhibitor may be dependent on
the reduction of angiotensin II and MMP-9 levels in the
liver.

Mechanism of Hepatic Steatosis
Attenuated by Chymase Inhibitor

Angiotensin II may influence hepatic steatosis via ROS
production. In murine HSC, an inhibitor of NADPH oxidase
significantly decreased ROS production and an ARB slowed
the development of hepatic steatosis via attenuation of ROS
production (Hirose et al., 2007; Guimardes et al., 2010). Ina MCD
diet-induced NASH mouse model, a significant attenuation of
steatosis was observed in angiotensin II receptor-deficient mice
(Nabeshima et al., 2009). Both in vivo and in vitro experiments
showed that angiotensin II upregulated sterol regulatory
element-binding protein (SREBP)-1c and fatty acid synthase
(FAS) gene expression, both of which are important factors
in the regulation of lipogenesis, following ROS augmentation
(Kim et al, 2001; Hongo et al, 2009). In contrast, ARB
attenuated hepatic steatosis along with downregulating the gene
expression of SREBP-1c and FAS via ROS attenuation in a
mouse NASH model (Kato et al., 2012). In a hamster MCD
diet-induced NASH model, significant attenuation of SREBP-1c
and FAS gene expression was observed following treatment with
a low molecule chymase inhibitor (Masubuchi et al, 2013).
Therefore, the ameliorative mechanism of hepatic steatosis by
chymase inhibitor may be dependent on the reduction of
ROS production via reduced angiotensin II generation in the
liver.

Mechanism of Hepatic Fibrosis
Attenuated by Chymase Inhibitor

Chymase may be closely associated with the progression of
tissue fibrosis, since it contributes to the formation of TGF-f
from the non-bioactive precursor TGF-f, and TGF- is known
to strongly induce the growth of fibroblasts (Takai et al.,
2003; Oyamada et al, 2011). TGF-B is known to play a

central role in the progression of fibrosis in NASH patients
via activated HSC (Williams et al., 2000). Inhibition of TGF-
function via gene expression and signaling resulted in improved
hepatic fibrosis in experimental models (George et al, 1999;
Arias et al., 2003). In a rat HFC diet-induced NASH model,
attenuation of chymase activity by chymase inhibitor resulted
in reductions in TGF-B level and fibrotic area in the liver
(Miyaoka et al, 2017). Thus, the reduction in TGF-f by
chymase inhibitor may contribute to the prevention of hepatic
fibrosis.

Angiotensin II may also be involved in the induction
of hepatic fibrosis. Angiotensin II induces contraction and
proliferation of HSC, and also induces the gene expression
of TGF-B in fibroblasts in vitro (Kagami et al.,, 1994; Bataller
et al, 2000). Both TGF-B levels and the degree of collagen
accumulation and fibrotic lesions were observed by bile duct
ligation in wild-type mice, however, these were attenuated in
angiotensin II receptor-deficient mice (Yang et al., 2005). In
a rat NASH model, ARB also attenuated hepatic fibrosis via
the reduction of TGF-p gene expression (Hirose et al.,, 2007).
There may also be a relationship between angiotensin II and
hepatic fibrosis other than angiotensin II-induced TGF-f gene
expression. In patients with chronic hepatitis C, ARB reduced
collagen gene expression via Rac-1 gene expression (Colmenero
et al., 2009). HSC are recognized as the main producing cells
of collagen in the liver, and augmentation in the expression
of a-smooth muscle actin (SMA) in HSC strongly induces
extracellular matrix deposition, including collagen I (De Minicis
and Brenner, 2007). Angiotensin II can induce a-SMA gene
expression in rat HSC. In contrast, angiotensin II blockade
results in the attenuation of hepatic fibrosis along with reduction
of a-SMA (Yoshiji et al., 2001). Although not evaluated in
patients with NASH, both chymase and angiotensin II-forming
activities were significantly augmented in fibrotic regions of livers
from patients with cirrhosis, and significant correlations among
chymase, angiotensin II-forming activity and hepatic fibrosis
were observed (Komeda et al., 2008). In a hamster tetrachloride-
induced hepatic cirrhosis model, significant increases in chymase
and angiotensin II-forming activity were observed, which were
significantly attenuated along with hepatic cirrhosis following
treatment with a low molecule chymase inhibitor (Komeda et al.,
2010).

The mast cell stabilizer tranilast could inhibit the activation
of mast cells, blocking the release of chymase and thereby
preventing the development of hepatic fibrosis in a rat diabetes
and HFC diet-induced NASH model (Uno et al., 2008). Chymase
promotes the proliferation of mast cells via SCF activation by
its enzymatic function (Longley et al., 1997). In NASH animal
models, chymase inhibitor reduced the increase in mast cell
number in the liver, resulting in reduced chymase activity
following direct inhibition by chymase inhibitor and an indirect
reduction of chymase expression in mast cells (Masubuchi et al.,
2013; Miyaoka et al., 2017).

Therefore, chymase inhibitor may contribute to the
prevention of hepatic fibrosis via inhibition of TGF-f activation
by chymase inhibition and/or attenuation of TGEF-f level via
reduction of angiotensin II and mast cell proliferation.
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CONCLUSION

Metabolic syndrome comprising obesity, insulin resistance,
hyperlipidemia, and hypertension is closely related to
the development of NASH, and trials of anti-diabetic,
anti-hyperlipidemic, and anti-hypertensive agents have been
conducted for the treatment of NASH. The concept behind
these agents is to attenuate the symptoms of metabolic syndrome
(Georgescu et al.,, 2009; Park et al., 2010; Mahady et al., 2011).
Previous reports have demonstrated that chymase inhibitor
attenuates inflammation and fibrosis without influencing blood
glucose and lipid levels and blood pressure in animal models of
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Proton pump inhibitors (PPIs), HT/KT-ATPase inhibitors, are the most commonly
prescribed drugs for the treatment of gastroesophageal reflux and peptic ulcer diseases;
they are highly safe and tolerable. Since PPIs are frequently used in cancer patients,
studies investigating interactions between PPIs and anticancer agents are of particular
importance to achieving effective and safe cancer chemotherapy. Several studies have
revealed that PPIs inhibit not only the HT/KT-ATPase in gastric parietal cells, but
also the vacuolar HT-ATPase (V-ATPase) overexpressed in tumor cells, as well as the
renal basolateral organic cation transporter 2 (OCT2) associated with pharmacokinetics
and/or renal accumulation of various drugs, including anticancer agents. In this mini-
review, we summarize the current knowledge regarding the impact of PPls on the
efficacy and safety of cancer chemotherapeutics via inhibition of targets other than the
H*/K*-ATPase. Co-administration of clinical doses of PPIs protected kidney function in
patients receiving cisplatin and fluorouracil, presumably by decreasing accumulation of
cisplatin in the kidney via OCT2 inhibition. In addition, co-administration or pretreatment
with PPIs could inhibit HT transport via the V-ATPase in tumor cells, resulting in lower
extracellular acidification and intracellular acidic vesicles to enhance the sensitivity of the
tumor cells to the anticancer agents. In the present mini-review, we suggest that PPIs
enhance the efficacy and safety of anticancer agents via off-target inhibition (e.g., of
OCT2 and V-ATPase), rather than on-target inhibition of the HT/K+-ATPase. The present
findings should provide important information to establish novel supportive therapy with
PPIs during cancer chemotherapy.

Keywords: proton pump inhibitor, drug repositioning, drug interaction, organic cation transporter 2, vacuolar
H*-ATPase

INTRODUCTION

Proton pump inhibitors (PPIs) inhibit gastric acid secretion by interaction with the H/K*-ATPase
in gastric parietal cells. Because PPIs have high safety and tolerability, they are the most commonly
prescribed drugs for the treatment of gastroesophageal reflux disease and peptic ulcer disease
(Zimmermann and Katona, 1997; Sachs et al., 2006; Shin and Kim, 2013). Interestingly, it has
been estimated that approximately 20% of cancer patients are treated with PPIs to alleviate the
symptoms of gastroesophageal reflux (Smelick et al., 2013). In clinical studies, many investigators
have reported that co-administration of PPIs affect the development of side effect and the efficacy

Frontiers in Pharmacology | www.frontiersin.org 110

December 2017 | Volume 8 | Article 911


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2017.00911
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphar.2017.00911
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2017.00911&domain=pdf&date_stamp=2017-12-12
https://www.frontiersin.org/articles/10.3389/fphar.2017.00911/full
http://loop.frontiersin.org/people/442362/overview
http://loop.frontiersin.org/people/483871/overview
http://loop.frontiersin.org/people/491796/overview
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

lkemura et al.

Proton Pump Inhibitor Drug Repositioning

of anticancer agents (Suzuki et al., 2009; Santucci et al., 2010;
Reeves et al., 2014; Tkemura et al., 2016, 2017). Therefore, the
effect of PPIs on the efficacy and safety of anticancer agents needs
to be investigated thoroughly.

Drug repositioning, the process of finding novel indications
of previously approved drugs, is of growing interest to academia
and industry because it reduces the time and costs associated
with drug development (Ashburn and Thor, 2004). Several
reports revealed that PPIs inhibited not only the H*/K'-
ATPase in gastric parietal cells, but also the vacuolar HT-ATPase
(V-ATPase) overexpressed in tumor cells (Luciani et al., 2004; De
Milito and Fais, 2005; Lee et al., 2015). In addition, very recent
evidence has indicated that PPIs are potent inhibitors of renal
drug transporters, including human organic anion transporters
(hOATs) and human organic cation transporters (hOCTs) that
are associated with pharmacokinetics and/or renal accumulation
of various drugs, including anticancer agents (Nies et al., 2011;
Chioukh et al., 2014; Hacker et al., 2015; Ikemura et al., 2016).
Therefore, co-administration of PPIs could represent novel
supportive therapies during cancer chemotherapy to improve the
efficacy and safety of anticancer agents via inhibition of targets
other than the H/K™-ATPase.

In this mini-review, we summarize the current knowledge
regarding the impact of PPIs on the efficacy and safety of cancer
chemotherapeutic drugs.

PROTECTIVE EFFECT OF PPIs ON
CISPLATIN-INDUCED NEPHROTOXICITY
BY INHIBITION OF OCT2

In the renal proximal tubules, membrane transport proteins
expressed in the apical or basolateral membranes are responsible
for the urinary secretion of diverse drugs. The structures and
functions of hOATs and hOCTs encoded by SLC22A genes have
been characterized (Sweet and Pritchard, 1999; Inui et al., 2000;
Sekine et al., 2000). OAT1 (SLC22A6) and OAT3 (SLC22A8)
expressed in the basolateral membrane of the proximal tubules,
transport various organic anions using opposite a-ketoglutarate
as a driving force (Sweet and Pritchard, 1999). In contrast,
OCT1 (SLC22AI1) and OCT2 (SLC22A2) were reported to be
driven by inside-negative membrane potentials (Busch et al,
1996; Okuda et al., 1996), mediating basolateral uptake of diverse
organic cations. Moreover, at the brush-border membranes,
multidrug and toxin extrusion 1 (MATE1/SLC47A1) mediates
the extrusion of organic cations from the cells into the tubular
lumen using the transmembrane H' gradient as a driving
force (Yonezawa and Inui, 2011a), and is considered to be
responsible for the final step of urinary excretion of cationic
drugs.

Cisplatin (CDDP) is a chemotherapeutic drug widely used
for the treatment of various solid tumors, including lung,
ovarian, and esophageal cancers (Go and Adjei, 1999). The
major side effects of CDDP include nephrotoxicity, ototoxicity,
myelosuppression, and peripheral neuropathy (Arany and
Safirstein, 2003). Because CDDP-induced nephrotoxicity is a
dose-limiting side effect that restricts its clinical application

(Pabla and Dong, 2008), the development of renal protective
strategies for CDDP chemotherapy is an urgent matter that
requires a solution.

Cisplatin is known to accumulate specifically in the kidney
compared to its accumulation in other organs or in plasma
(Litterst et al., 1976). As shown in Figure 1, OCT2 is
predominantly responsible for the accumulation of CDDP in the
kidney (Yonezawa and Inui, 2011b). Therefore, CDDP-induced
nephrotoxicity is expected to be ameliorated by reduction or
inhibition of OCT2 activity in the kidney.

Hacker et al. (2015) demonstrated that PPIs (lansoprazole and
pantoprazole) inhibited OCT2-mediated transport of metformin
(a typical substrate of OCT?2) at a clinical dose. In addition, these
PPIs were tested for clinical drug interactions with metformin
in patients and healthy subjects (Ding et al., 2014; Kim et al,,
2014). Therefore, co-administration of PPI may inhibit the renal
accumulation of CDDP via OCT?2 (Figure 1).

Recently, we retrospectively investigated the effect of
co-administration of PPI on nephrotoxicity in 133 patients
who received CDDP and fluorouracil (5-FU) therapy for the
treatment of esophageal or head and neck cancer (Ikemura et al.,
2017). The rate of nephrotoxicity in patients receiving PPI (12%,
n = 33) was significantly lower than that in patients not receiving
PPI (30%, n = 100). Severe nephrotoxicity was not observed
in patients receiving PPI, whereas the rate of hematological
toxicity was comparable between patients with and without
PPI treatment. These findings indicate that co-administration
of clinical doses of PPI ameliorates nephrotoxicity without
exacerbation of hematological toxicity in patients receiving
CDDP and 5-FU therapy. Although it remains unclear whether
PPI directly inhibits OCT2-mediated uptake of CDDP in the
kidney, co-administration of PPI during CDDP chemotherapy
should be a novel approach to minimize the nephrotoxicity of
CDDP using OCT?2 drug interactions.

On the other hand, MATEI is also responsible for CDDP-
induced nephrotoxicity (Nakamura et al, 2010; Oda et al,
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FIGURE 1 | Schematic diagram of the protective effect of PPIs for
CDDP-induced nephrotoxicity via OCT2. CDDP, cisplatin; MATE, multidrug
and toxin excursion; OCT2, organic cation transporter 2; PPI, proton pump
inhibitor.
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FIGURE 2 | Schematic diagram of the impact of V-ATPase inhibition by PPlIs for proliferation, progression, tumorigenesis, metastasis, and drug resistance in tumor
cells. ADP, adenosine diphosphate; ATP, adenosine triphosphate; LDH, lactate dehydrogenase; PPI, proton pump inhibitor; V-ATPase, vacuolar H -ATPase.

2014) as shown in Figure 1. Many OCT?2 inhibitors also inhibit
MATE]1, which may increase intracellular CDDP accumulation
and nephrotoxicity. Because there have been no reports regarding
the effect of PPI on MATEL1 activity, further study is needed to
clarify the effect of PPI against MATE1-mediated transport of
CDDP.

PPIs ENHANCE THE ANTITUMOR
EFFECTS AND SENSITIVITIES OF
ANTICANCER AGENTS BY TARGETING
V-ATPase IN TUMOR CELLS

As shown in Figure 2, the V-ATPase is an ATP-dependent
proton pump that transports H across both intracellular and
plasma membranes to regulate intracellular and extracellular pH
(Forgac, 2007). In tumor cells, increased glucose consumption
via glycolysis leads to the production of lactic acid and H™
ions (Warburg, 1956). Because this cytoplasmic acidification is
detrimental to the cells, overexpression of V-ATPase maintains
an appropriate neutral cytoplasmic pH in the tumor cells,
and consequently causes extracellular acidification (Nelson
and Harvey, 1999). Lee et al. (2015) found that elevated
expression of V-ATPase mRNA was significantly associated
with poor survival in ovarian cancer patients. Extracellular
acidification in tumor cells is known to be involved in
proliferation, tumorigenesis, drug resistance, metastasis, and
tumor progression (Fais et al., 2007). Inhibition of V-ATPase
causes loss of the pH gradient across the plasma membranes,
increasing the extracellular pH and decrease the intracellular

pH, leading to slowed growth and increased cell death (De
Milito et al., 2010). Furthermore, some human tumor cells
exhibit elevated V-ATPase activity in intracellular lysosomal-
type vesicles, leading to drug sequestration in intracellular acidic
vesicles and drug extrusion from the cells through the secretory
pathway (Altan et al, 1998; Raghunand et al, 1999). The
acidification in intracellular vesicles is also involved in resistance
to cancer chemotherapeutic drugs. Therefore, V-ATPase should
be considered a promising target in the development of
anticancer therapeutics.

Various prior studies have reported inhibitory effects of
V-ATPase against cancer growth and metastasis in in vivo
animal models. In mice implanted with human hepatocellular
carcinoma cells, the knockdown of V-ATPase by siRNA markedly
decreased primary tumor growth and suppressed intrahepatic
and pulmonary metastases (Lu et al., 2005). Furthermore,
the knockdown of V-ATPase by lentivirus-mediated shRNA
in a 4T1 mouse model of metastatic breast cancer reduced
tumor formation and decreased metastasis to the lung, liver,
and bone, and consequently improved survival (Feng et al.,
2013).

Interestingly, inhibition of V-ATPase could also lead to
the activation of protective cellular responses (Stransky et al.,
2016). Graham et al. (2014) demonstrated that bafilomycin
Al, a selective V-ATPase inhibitor, upregulated mitogen-
activated protein (MAP) kinases and significantly reduced tumor
growth in MCF7 and MDA-MB-231 mouse xenografts. In
addition, the inhibitory effect of combination treatment of
bafilomycin Al and sorafenib [an extracellular signal-regulated
kinase 1/2 (ERK1/2) inhibitor] for breast tumor growth and
metastasis in mice was higher than that of single administration
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of bafilomycin Al or sorafenib. Thus, these findings suggest that
the co-treatment of V-ATPase inhibitor with anticancer agents
has synergistic antitumor effects.

Although PPIs are clinically used as Ht /K™ -ATPase inhibitors
for the treatment of gastroesophageal reflux and peptic ulcer
diseases, several in vitro and in vivo studies have addressed that
PPIs also inhibit V-ATPase. Luciani et al. (2004) demonstrated
that pretreatment with PPIs (omeprazole and esomeprazole)
enhanced the effects of various anticancer agents (CDDP,
5-FU, and vinblastine) via inhibition of V-ATPase in cell
lines derived from human melanoma, adenocarcinoma, and
lymphoma. Moreover, an in vivo study demonstrated that
oral pretreatment with omeprazole enhanced sensitivity against
CDDP in mice engrafted with melanoma cells (Luciani et al.,
2004). Furthermore, in vivo experiments were performed to
confirm the synergistic effects of omeprazole and paclitaxel
on tumors in orthotopic and patient-derived xenograft mouse
models (Luciani et al., 2004). Interestingly, they demonstrated
that PPI treatment in tumor cells increased both the extracellular
pH and pH of intracellular vesicles, consistent with the inhibition
of V-ATPase activity. Their evidences indicated that pretreatment
with PPIs enhanced the antitumor effect through the inhibition of
acidification in extracellular environment and/or in intracellular
vesicles. Therefore, these findings suggest that co-administration
or pretreatment with PPIs enhances the antitumor effect and
sensitivity of anticancer agents by targeting V-ATPase in tumor
cells.
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Prostate cancer (PCa) is one of the most commonly diagnosed cancers in the western
world, and the mortality rate from PCa in Asia has been increasing recently. Statins are
potent inhibitors of 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-CoA) reductase and
are commonly used for treating hyperlipidemia, with beneficial effects for cardiovascular
disease and they also exhibit anti-cancer activity. However, the protective effects of
statins against PCa are controversial. In this study, we investigated the effect of two
types of statins (simvastatin and lovastatin) and the mortality rate of PCa patients by
using the Taiwan National Health Insurance Research Database (NHIRD). A total of
15,264 PCa patients with hyperlipidemia records and medical claims from the Registry
of Catastrophic lliness were enrolled. The patients were divided into two cohorts based
on their statin use before the diagnosis of PCa: statin users (n = 1,827) and non-
statin users (n = 1,826). The results showed that patients who used statins exhibited a
significantly reduced risk of mortality from PCa [adjusted hazard ratio (HR) = 0.84, 95%
Cl = 0.73-0.97]. Analysis of the cumulative defined daily dose (DDD) indicated that
patients who were prescribed simvastatin > 180 DDD had a dramatically decreased
risk of death from PCa (adjusted HR = 0.63; 95% Cl = 0.51-0.77). This population-
based cohort study demonstrated that statin use significantly decreased the mortality
of PCa patients, and that this risk was inversely associated with the cumulative DDD of
simvastatin therapy. The results of this study revealed that statins may be used for drug
repositioning and in the development of a feasible approach to prevent death from PCa.

Keywords: hyperlipidemia, HMG-CoA reductase, prostate cancer, statin, cohort study
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Statin Use and Prostate Cancer

INTRODUCTION

Prostate cancer (PCa) is one of the most prevalent male cancers
in western developed countries, and its incidence is increasing
in the Asia-Pacific region (Global Burden of Disease Cancer
et al., 2017). Although recent advances in surgical techniques
and radiotherapy have improved the disease-free survival rates
of men with localized PCa, the recurrence rate after radical
prostatectomy, chemotherapy, or radiotherapy is still high (Trock
et al., 2008). Men are at higher risk for developing PCa, while
the risk factors include having a family history of PCa along
with environmental and lifestyle-related factors, such as physical
inactivity, obesity, and a high-fat diet (Barnard, 2007; Meyerhardt
etal., 2010).

Statins, inhibitors of 3-hydroxy-3-methyl glutaryl coenzyme A
(HMG-CoA) reductase, the rate-limiting enzyme in cholesterol
biosynthesis, are widely used for treating high levels of
serum cholesterol (Hebert et al., 1997). The activity of HMG-
CoA reductase may be increased due to the activation of
transcriptional regulation mediated by sterol regulatory element
binding proteins (SREBPs) (Chen et al., 1978). In LNCaP and PC-
3 PCa cells, inhibition of SREBP2 activity reduced cell viability
(Krycer et al., 2012). Recent studies indicated that statins possess
the potential to prevent and treat several types of cancers,
including PCa (Hindler et al., 2006; Bonovas et al., 2008; Yu et al.,
2014). The protective functions of statins are included reducing
the risk of PCa through arrest cell cycle, inducing apoptosis,
and inhibiting tumor metastasis (Papadopoulos et al., 2011; Sun
Q. et al, 2015). However, some conflicting results about the
protective effects of statins against PCa have not been clearly
clarified (Moon et al., 2014; Alfaqih et al., 2017).

Although previous studies indicated that statins may decrease
the incidence of PCa (Shannon et al., 2005; Flick et al., 2007),
there have been no large-scale epidemiologic studies on the
effects of statins for treating PCa patients with hyperlipidemia
who received different therapeutic modalities including radical
prostatectomy, chemotherapy, or radiotherapy. In this study,
we conducted a nationwide population-based cohort study to
analyze the mortality in PCa patients with hyperlipidemia who
were prescribed either simvastatin or lovastatin. The association
between the cumulative defined daily dose (DDD) of two types
of statins and the risk of PCa mortality was also investigated.
Our results showed that statin prescriptions effectively reduced
the risk of death from PCa. This study also revealed that
cholesterol-lowering agents, such as statins, may be used for drug
repurposing to help prevent death in PCa patients who also have
hyperlipidemia.

MATERIALS AND METHODS

Data Source

To examine whether statin use is associated with risk of PCa,
a nationwide cohort study was conducted. Data were obtained
from the Registry of Catastrophic Illness and Taiwan National
Health Insurance Research Database (NHIRD). The National
Health Research Institutes (NHRI) in Taiwan is responsible for

managing the insurance claims data reported to the Bureau of
Health Insurance. For research purposes, the NHRI compiles all
medical claims in the National Health Insurance (NHI) program
and releases the database annually to the public. Patient consent
is not required to access the NHIRD. This study was approved
by the Institutional Review Board of China Medical University in
Taiwan (CMUH104-REC2-115-CR2).

Population-Based Cohort Study

A total of 15,264 PCa patients with hyperlipidemia (ICD-9-CM
272) were included in this study (Figure 1). The patients were
divided into two cohorts, the statin users (either simvastatin or
lovastatin) and non-statin users before the diagnosis of PCa.
Patients under 20 years old were excluded. In the statin use
cohort, 1,827 PCa patients prescribed statins for at least 6 months
during January 1, 1998 to December 31, 2010. The non-statin
cohort (n = 1,826) was randomly selected from 12,111 PCa
patients without receiving statin therapy. Comparison group was
established by 1:1 randomly frequency matching (according to
age and index year) with PCa patients who did not use any types
of statin-based drugs during the study period. The study endpoint
was mortality.

Medication and Analysis of Statin

Prescription

Hazard ratio (HR) and 95% confidence interval (CI) were
adjusted for age, treatment of hormone therapy (including
oral and injection), radical prostatectomy, radiotherapy,
chemotherapy, and the comorbidities of diabetes (ICD-9-CM
codes 250), hypertension (ICD-9-CM codes 401- 405), stroke
(ICD-9-CM  codes 430-438), cardiovascular disease (CAD;
ICD-9-CM codes 410-414) and chronic obstructive pulmonary
disease (COPD; ICD-9-CM codes 490-496).

The DDD, recommended by the World Health Organization
(WHO), was assumed to be the average maintenance dose per
day of a drug and analyzed as described previously (Lin et al.,
2017). The cumulative DDD was calculated by deriving the total
prescribed DDD of each type of statin, namely simvastatin (ATC
C10AAO01) and lovastatin (ATC C10AA02), for statin users. For
each statin type, the cumulative DDD was partitioned into two
levels by setting the cutoff value in the median.

Statistical Analysis

The distributions of demographic characteristics were compared
between the statin and non-statin cohorts, and the differences
were examined using the Chi-squared test for categorical
variables and the Student’s t-test for continuous variables. The
multivariate analysis of the mortality rates associated with statin
use was performed using the cox proportional hazard regressions.
Furthermore, we divided each statin type into two groups
according to the quartile of cumulative DDD. Cox proportional
hazard regression was used to assess how the statin dose affected
the relative risk of mortality. A P-value of < 0.05 indicated
statistical significance. All analyses were conducted using SAS
statistical software (Version 9.3 for Windows; SAS Institute, Inc.,
Cary, NC, United States).
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Medical claims for catastrophic iliness prostate
cancer patients with history of hyperlipidemia
(n =15,264)

v

Prostate cancer patients receiving statin
therapy (including simvastatin and lovastatin)
for at least 180 days from 1998 to 2010
(n =1,832)

Excluding patients aged below
20 years or missing information
about age or sex (n = 5)

v

Prostate cancer patients receiving
statin therapy
(n =1,827)

FIGURE 1 | Flowchart of the establishment of cohorts, patient selection, identification, and analysis.

A4
Prostate cancer patients without
receiving statin therapy from 1998 to 2010
(n=12,111)

Using the same exclusion
criteria as the statin
therapy group and 1:1
frequency matched with
age and index year

y
Prostate cancer patients without
statin therapy
(n = 1,826)

RESULTS

Demographic Characteristics of Study

Patients

A total of 15,264 PCa patients with hyperlipidemia were
enrolled in this study and analyzed. In the population-based
cohort study, we first evaluated 3,653 patients with PCa,
aged > 20 years (Figure 1). There were 1,827 patients using
statin-based drugs (either simvastatin or lovastatin) and 1,826
patients who did not. Table 1 shows the age, comorbidities,
hormone therapy, and treatments of the cohorts. Among the
patients with PCa, 85.4% of the patients were older than
60 years of age. Compared with non-statin users (Group 1),
the statin users (Group 2) were more likely to have coronary
artery disease (CAD) (41.2% vs. 52.2%, P < 0.0001), diabetes
mellitus (20.2% vs. 32.3%, P < 0.0001), hypertension (68.9% vs.
81.3%, P < 0.0001), and stroke (5.37% vs. 7.88%, P < 0.0001).
In the treatments used for PCa including hormone therapy,
radical prostatectomy, chemotherapy, and radiotherapy, the
statin users and non-statin users did not show statistically
significant differences.

Comparison of Incidence and Hazard
Ratio (HR) of Mortality in PCa Patients

The person-years (PY), incidence (age, comorbidity, hormone
therapy, and treatments), and HR for the risk of mortality among
the cohorts were then analyzed. As shown in Table 2, statin users
had a significantly lower HR of mortality (adjusted HR = 0.84,
95% CI = 0.73-0.97, P < 0.05) compared with the non-statin
users. Among patients who had no comorbidities, statin users
exhibited the lowest HR of mortality (adjusted HR = 0.55, 95%
CI = 0.31-0.99, P < 0.05). A significantly reduced adjusted
HR of mortality was also found in the following groups

for patients prescribed statins: treatment with chemotherapy
(adjusted HR = 0.60, 95% CI = 0.41-0.87, P < 0.01), non-oral
hormone therapy (adjusted HR = 0.81, 95% CI = 0.68-0.98,
P < 0.05), and non-prostatectomy (adjusted HR = 0.86, 95%
CI =0.74-0.99, P < 0.05).

TABLE 1 | Demographic characteristics of PCa patients with hyperlipidemia by
medications.

Parameter Group 12 Group 2 P-value®
Age, years, n (%) 0.99
<59 266 (14.6%) 267 (14.6%)

60-69 747 (40.9%) 747 (40.9%)

70-79 712 (39.0%) 712 (39.0%)

>80 101 (5.5%) 101 (5.5%)

Mean (SD) 68.3 (8.1%) 68.3 (7.8%) 0.68
Comorbidity®, n (%)

CAD 753 (41.2%) 954 (52.2%) <0.0001
Diabetes mellitus 368 (20.2%) 590 (32.3%) <0.0001
Hypertension 1258 (68.9%) 1486 (81.3%) <0.0001
Stroke 98 (5.4%) 144 (7.9%) <0.0001
COPD 675 (37.0%) 661 (36.2%) 0.62
Hormone therapy, n (%)

Oral 780 (42.7%) 825 (45.2%) 0.14
Injection 215 (11.8%) 193 (10.6%) 0.25
Treatment, n (%)

Radical prostatectomy 355 (19.4%) 379 (20.7%) 0.33
Chemotherapy 121 (6.6%) 100 (5.5%) 0.14
Radiotherapy 591 (32.4%) 609 (33.3%) 0.53

aGroup 1, non-statin users (n = 1826); group 2, statin users (n = 1827);
bChi-square test and Student’s t-test were used to compare the statin user and
non-statin user groups; °CAD, coronary artery disease; COPD, chronic obstructive
pulmonary disease.
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TABLE 2 | Hazard ratios and 95% confidence intervals of PCa mortality in statin user and non-statin user groups.

Variable Group 12 Group 2 Hazard ratio

Event PYP Rate Event PY Rate Crude Adjusted HR® (95% confidence interval)
All 402 14902 27.0 377 15119 24.9 0.91 0.84 (0.73-0.97)*
Age, years
<59 22 2480 8.87 18 2516 7.15 0.80 0.83 (0.43-1.60)
60-69 123 6516 18.9 111 6584 16.9 0.88 0.90 (0.69-1.17)
70-79 217 5415 40.1 220 5508 40.0 0.98 0.88 (0.73-1.06)
>80 40 492 81.3 28 512 54.7 0.63 0.67 (0.41-1.12)
Comorbidity?
No 50 2494 20.0 16 1199 134 0.61 0.55 (0.31-0.99)*
Yes 352 12408 28.4 316 13920 25.9 0.90 0.91 (0.79-1.05)
Hormone therapy (Oral)
No 264 8437 31.3 227 8136 27.9 0.88 0.81 (0.68-0.98)*
Yes 138 6465 21.3 150 6983 215 0.99 0.92 (0.72-1.16)
Hormone therapy (Injection)
No 342 13156 26.0 331 13556 24.4 0.93 0.86 (0.74-1.01)
Yes 60 1747 34.4 46 1564 29.4 0.85 0.75(0.50-1.12)
Treatment
Radical prostatectomy
No 363 11983 30.3 340 11871 28.6 0.94 0.86 (0.74-0.99)*
Yes 39 2919 13.4 37 3249 114 0.82 0.67 (0.42-1.08)
Chemotherapy
No 325 13942 23.3 328 14313 22.9 0.97 0.95 (0.81-1.11)
Yes 7 960 80.2 49 806 60.8 0.73 0.60 (0.41-0.87)**
Radiotherapy
No 260 9969 26.1 236 9971 238.7 0.90 0.84 (0.70-1.00)
Yes 142 4933 28.8 141 5148 27.4 0.93 0.88 (0.70-1.12)

4Group 1, non-statin users; group 2, statin users; bpy, per 1000 person-years; Rate, incidence rate; °Adjusted HR, multivariable analysis including age, sex, hormone
therapy, treatment and comorbidities of coronary artery disease (CAD), diabetes, hypertension, stroke, and chronic obstructive pulmonary disease (COPD); *P < 0.05;
**P < 0.01; 9Comorbidity: only to have one of comorbidities classified as the comorbidity group.

TABLE 3 | Prescribed statins reduce the mortality of PCa patients.

Event/Total number

Crude HR?(95% confidence interval)

Adjusted HRP(95% confidence interval)

Non-use of statins 402/1826 1 (Reference) 1 (Reference)
Use of statin®

Simvastatin

<180 DDD 263/1101 1.11(0.95-1.29) 0.99 (0.85-1.16)
>180 DDD 114/726 0.65 (0.53-0.80)*** 0.63 (0.51-0.77)***
Lovastatin

< 115 DDD 259/1314 0.91 (0.78-1.06) 0.83 (0.71-0.97)*
> 115 DDD 118/513 0.93 (0.76-1.14) 0.87 (0.71-1.07)

aCrude HR, relative hazard ratio; °Adjusted HR, multivariable analysis including age, sex, hormone therapy, treatment and comorbidities of coronary artery disease (CAD),
diabetes, hypertension, stroke, and chronic obstructive pulmonary disease (COPD); ¢ The cumulative defined daily dose (DDD) is partitioned in to 2 segments by median;

*P < 0.05; ***P < 0.001.

Statin Use Reduces the Risk of PCa
Mortality

The association between the cumulative DDD of two types of
statins and the risk of PCa mortality was further analyzed.
Compared with non-statin users, patients who were prescribed
simvastatin at a DDD > 180 (adjusted HR = 0.63, 95%
CI = 0.51-0.77) exhibited the lowest risk of mortality, which

was associated with the high cumulative DDD of prescribed
simvastatin (Table 3). Patients who received lovastatin at a
DDD < 115 (adjusted HR = 0.83, 95% CI = 0.71-0.97) had a
lower adjusted HR of mortality compared with the non-statin
user group. The results from these analyses demonstrate that
statin use effectively reduced the mortality of PCa patients, and
that this risk was associated with a high cumulative DDD of
prescribed simvastatin.
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DISCUSSION

Prostate cancer is a commonly diagnosed cancer and the second
leading cause of cancer-related deaths in US men (Wadajkar et al.,
2013). In Taiwan, the prevalence of PCa has gradually increased
in recent years (Chiang et al., 2016; Hung et al., 2016). Based
on a statistical report from the Ministry of Health and Welfare
[MOHW] (2016) of Taiwan in 2016, PCa has become the fifth
most prevalent cancer and the seventh leading cause of cancer-
related death, indicating that the threat of PCa to men has become
severe. Therefore, it is important to pay more attention to the
diagnosis and treatment of patients with PCa.

The regulation of lipid rafts (also referred to cholesterol-
rich microdomains) is critical for PCa cell survival and growth
(Zhuang et al., 2002). PCa cells harbored the activity to synthesize
dihydrotestosterone (DHT) from acetic acid, indicating that
the entire mevalonate-steroidogenic pathway was functionally
intact (Locke et al., 2008). In addition, all enzymes contributed
to testosterone and DHT synthesis are presented in many
human primary and metastatic PCa (Montgomery et al., 2008).
Therefore, new therapeutic agents with lesser toxicity and higher
selectivity for preventing recurrence and progression of PCa
are urgently required. This population-based cohort analysis
revealed that statin therapy significantly decreased the mortality
of PCa patients treated with chemotherapy. In addition, the
reduced risk was correlated with the high cumulative DDD of
prescribed simvastatin. This nationwide population-based study
provides evidence that statin therapy not only reduced the
risk of cardiovascular disease but may also be used for drug
repurposing to prevent death of PCa patients who also have
hyperlipidemia.

It has been demonstrated that simvastatin inhibits the
proliferation, migration, and invasion of PCa cells via the
up-regulation of ANXA10 and inactivation of the AKT/PI3K
pathway (Miyazawa et al., 2017). Simvastatin can arrest the cell
cycle at G1 in PC-3 cells through the AMPK pathway (Karlic
et al., 2017). In addition, lovastatin was found to enhance the
efficacy of PRRA-TRAIL via the promotion of tumor suppression
and induction of apoptosis (Liu et al., 2015). A recent study
also indicated that the induction of the LDL receptor is a
possible mechanism of resistance that prostate tumors use to
counteract the therapeutic effects of reducing serum cholesterol
(Masko et al., 2017). Therefore, statins can be used to delay PCa
progression by reducing LDL levels (Murtola et al., 2012).

Clinical studies have been reported that statins significantly
reduced the incidence of advanced PCa (Bonovas et al., 2008).
A 10-year retrospective cohort study indicated that statin
users had a 31% lower risk of PCa (Farwell et al, 2011).
The mechanism for statins was the indirect reduction in
cellular cholesterol levels in multiple cell types through the
lowering of circulating cholesterol, which impacts the membrane
microdomains and steroidogenesis (Moon et al, 2014). In
addition, statin can prevent against PCa by inhibiting the
proliferation and inducing apoptosis of PCa cells, which inhibits
angiogenesis, inflammation, and metastasis (Papadopoulos et al.,
2011). A recent clinical analysis demonstrated that statin users
had a significantly longer median time to progression during

androgen deprivation therapy than non-users (Harshman et al,,
2015).

Both in vitro and in vivo studies have demonstrated that statins
inhibited cancer cell growth and induced apoptosis in a variety
of tumor cell types, including PCa, colon adenocarcinoma,
pancreatic carcinoma, and gastric cancer cells (Lochhead and
Chan, 2013; Babcook et al., 2016; Lin et al., 2016; Gong et al.,
2017). A population-based cohort study revealed that not all
types of statin were associated with a decreased incidence
of PCa, except for simvastatin, atorvastatin, and rosuvastatin
(Lustman et al., 2014). Simvastatin was identified to inhibit
the migration and invasion of PCa cells (Shah et al., 2016).
The inhibitory effect of statin-derivatives on tumorigenicity
of castrate-resistant prostate cancer (CRPC) may be mediated
via concurrent inhibition of both androgen receptor and AKT
signaling pathways, and membrane destabilization (Ingersoll
etal., 2016). Furthermore, the mechanism for inhibition of CRPC
growth by statins suppressed nuclear factor-kB pathway to induce
apoptosis and prevent CRPC development (Park et al., 2013;
Kang et al.,, 2017). Our current study also revealed that statins
can function as a radiosensitizer in PCa cells for triggering the
CHKI1 checkpoint response and promoting DNA double-strand
breaks (unpublish data). Together, these findings demonstrated
the potential mechanism of statins in the treatment of PCa.

Although we recently reported the protective effects of statins
against PCa (Sun L.M. et al., 2015), certain limitations and
confounding factors of previous studies are still emerging. In the
current study, we further selected patients with hyperlipidemia
and divided them into two cohorts based on the prescription
of statins. Because statin users may have other comorbidities,
several treatments and comorbidities were adjusted for, including
hormone therapy, diabetes, hypertension, stroke, CAD, and
COPD. In addition, the cause of death among patients with PCa
was documented in the Registry of Catastrophic Illness, and thus,
mortality from PCa can be precisely analyzed. Therefore, our
current findings have been thoroughly investigated and are based
on rigorous and valid methods.

Some limitations exist in the current studies, including
potential confounders, concomitant use of other chemo-
preventive drugs, short enrollment periods, and small sample
sizes. A social gradient in statin use may reflect social inequalities
in health care use or health care quality, as well as systematic
differences in factors such as smoking, nutrition, physical
activity, and obesity (Bonovas and Sitaras, 2009). Patients with
cardiovascular disease prescribed statins may also take non-
steroidal anti-inflammatory drugs (NSAIDs), which have been
reported to reduce the risk of PCa (Papadopoulos et al,
2011). Although current studies using population-based analysis
consistently report an inverse association between statin use and
PCa risk, the detailed mechanism of statins for the primary
prevention of PCa requires further investigation.

The Taiwan government has launched an NHI program that
has provided citizens with comprehensive coverage since 1995.
All insurance claims are scrutinized by medical reimbursement
specialists and recorded in the database. The NHIRD enabled
appropriately selecting matched patients to represent the
underlying population. In addition, we have analyzed data in the
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NHIRD to perform several studies and have evaluated statin-
based drugs for protection against several diseases (Peng et al.,
2015; Sun L.M. et al., 2015; Lin et al., 2016). Therefore, these
results obtained by using a nationwide cohort study regarding
statin use and diagnoses for patients with PCa mortality are
reliable.

CONCLUSION

This study demonstrated that statin prescription has effectively
reduced the deaths of PCa patients with hyperlipidemia. The
mortality risk of patients with PCa is inversely associated
with a high cumulative DDD of simvastatin. Therefore, statins,
cholesterol-lowering agents, can be drug repurposed and used
in a preventive application for protecting against death from
PCa. However, large, long-term clinical analysis and experimental
studies on the biological mechanisms of statin therapy are
required to further validate statins as a means of reducing PCa
mortality.
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Drug development is a lengthy and costly process that proceeds through several stages
from target identification to lead discovery and optimization, preclinical validation and
clinical trials culminating in approval for clinical use. An important step in this process
is high-throughput screening (HTS) of small compound libraries for lead identification.
Currently, the majority of cell-based HTS is being carried out on cultured cells propagated
in two-dimensions (2D) on plastic surfaces optimized for tissue culture. At the same time,
compelling evidence suggests that cells cultured in these non-physiological conditions
are not representative of cells residing in the complex microenvironment of a tissue.
This discrepancy is thought to be a significant contributor to the high failure rate in drug
discovery, where only a low percentage of drugs investigated ever make it through the
gamut of testing and approval to the market. Thus, three-dimensional (3D) cell culture
technologies that more closely resemble in vivo cell environments are now being pursued
with intensity as they are expected to accommodate better precision in drug discovery.
Here we will review common approaches to 3D culture, discuss the significance of 3D
cultures in drug resistance and drug repositioning and address some of the challenges
of applying 3D cell cultures to high-throughput drug discovery.

Keywords: three-dimensional cell culture, hydrogel, spheroid, high-throughput screening, extracellular matrix

INTRODUCTION

With low success rates in clinical trials, drug discovery remains a slow and costly business.
Currently, more than half of all drugs fail in Phase II and Phase III clinical trials due to a lack
of efficacy and about another third of drugs fail due to safety issues including an insufficient
therapeutic index (Arrowsmith and Miller, 2013). As attrition rates in drug discovery remain
high, there is an urgent need for new technologies that accommodate better precision in drug
discovery. Two of the most promising areas expected to improve the success rates in drug
development are the advance of precision medicine with the prospect of new biomarkers and
more precise drug targets and the availability of new preclinical models that better recapitulate
in vivo biology and microenvironmental factors. Pioneered in the 1980’s by Mina Bissell and her
team performing studies on the importance of the extracellular matrix (ECM) in cell behavior, it
is now well-accepted that culturing cells in three-dimensional (3D) systems that mimic key factors
of tissue is much more representative of the in vivo environment than simple two-dimensional
(2D) monolayers (Pampaloni et al., 2007; Ravi et al., 2015). While traditional monolayer cultures
still are predominant in cellular assays used for high-throughput screening (HTS), 3D cell cultures

Frontiers in Pharmacology | www.frontiersin.org 122

January 2018 | Volume 9 | Article 6


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.00006
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.00006&domain=pdf&date_stamp=2018-01-23
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sigrid.langhans@nemours.org
https://doi.org/10.3389/fphar.2018.00006
https://www.frontiersin.org/articles/10.3389/fphar.2018.00006/full
http://loop.frontiersin.org/people/161696/overview

Langhans

Drug Discovery in 3D Cultures

techniques for applications in drug discovery are making rapid
progress (Edmondson et al., 2014; Montanez-Sauri et al., 2015;
Sittampalam et al., 2015; Ryan et al., 2016). In this review, we
will provide an overview on the most common 3D cell culture
techniques, address the opportunities they provide for both drug
repurposing and the discovery of new drugs, and discuss the
challenges in moving those techniques into mainstream drug
discovery.

THE EXTRACELLULAR MATRIX (ECM)
AND OTHER MICROENVIRONMENTAL
FACTORS INFLUENCING THE CELL
PHENOTYPE AND DRUG RESPONSE

Extracellular Matrix Composition

Cell-based assays are a crucial element of the drug discovery
process. Compared to cost-intensive animal models, assays
using cultured cells are simple, fast and cost-effective as well
as versatile and easily reproducible. To date, the majority of
cell cultures used in drug discovery are 2D monolayers of
cells grown on planar, rigid plastic surfaces optimized for
cell attachment and growth. Over the past decades, such 2D
cultures have provided a wealth of information on fundamental
biological and disease processes. Nevertheless, it has become
clear that 2D cultures do not necessarily reflect the complex
microenvironment cells encounter in a tissue (Figure 1). One
of the biggest influences shaping our understanding of the
limited physiological relevance of 2D cultures is the growing
awareness of the interconnections between cells and the
extracellular matrix (ECM) surrounding them. Earlier thought
to mostly provide structural support, ECM components (for
a comprehensive review of ECM constituents see Hynes and
Naba, 2012) are now known to actively affect most aspects of
cellular behavior in a tissue-specific manner. ECM molecules
include matrix proteins (e.g., collagens, elastin), glycoproteins
(e.g., fibronectin), glycosaminoglycans [e.g., heparan sulfate,
hyaluronan (HA)], proteoglycans (e.g., perlecan, syndecan),
ECM-sequestered growth factors [e.g., transforming growth
factor-p (TGF-B), vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), hepatocyte growth factor
(HGF)] and other secreted proteins (e.g., proteolytic enzymes
and protease inhibitors). Dynamic changes in these components
regulate cell proliferation, differentiation, migration, survival,
adhesion, as well as cytoskeletal organization and cell signaling in
normal physiology and development and in many diseases such
as fibrosis, cancer and genetic disorders (Bonnans et al., 2014;
Mouw et al., 2014). Thus, it is not surprising that the composition
of the ECM along with its physical properties can also influence a

Abbreviations: 2D, Two-dimensional; 3D, Three-dimensional; bFGFE, Basic
fibroblast growth factor; CNS, Central nervous system; ECM, Extracellular
matrix; EGE Epidermal growth factor; HA, Hyaluronan/hyaluronic acid; HCS,
High-content screening; HDP, Hanging drop plate; HGF, Hepatocyte growth
factor; HTS, High-throughput screening; IGF-1, Insulin-like growth factor 1;
iPSC, Induced pluripotent stem cell; MMP, Matrix metalloproteinase; NGE
Nerve growth factor; PDGE, platelet-derived growth factor; PEG, Polyethylene
glycol; TGE-B, Transforming growth factor-B; TIMP, Tissue inhibitor of
metalloproteinase; VEGE, Vascular endothelial growth factor.

cell’s response to drugs by either enhancing drug efficacy, altering
a drugs mechanism of action (MOA) or by promoting drug
resistance (Sebens and Schafer, 2012; Bonnans et al., 2014).

Much of our knowledge on how the ECM can affect
drug response and contributes to drug resistance comes from
studies on the interaction of cancer cells and the tumor
stroma in hematological malignancies and solid tumors. The
microenvironment of a tumor, comprised of non-tumor cells
(such as fibroblasts, endothelial cells, adipocytes, and immune
cells) and ECM, is highly variable and depends on tumor type
and location. Changes in ECM composition may influence drug
response through altered local drug availability, by affecting
expression of drug targets, or by changing intrinsic cellular
defense mechanisms such as increased repair upon DNA
damage or evasion of apoptosis (Sebens and Schafer, 2012;
Junttila and de Sauvage, 2013; McMillin et al., 2013; Holle
et al., 2016). Interactions between cells and ECM can also
lead to a heterogenous drug response with matrix-attached
outer cells being drug resistant and matrix-deprived cells
in the core of the tumor being sensitive (Muranen et al,
2012). It is well documented that the adhesion between
cells and ECM proteins, mediated mainly by the integrin
system of transmembrane receptors, is an important factor
modulating the response to chemotherapeutics and targeted
therapies in oncology or to other therapeutic approaches such
as immunotherapy, radiation or radiochemotherapy (Holohan
et al., 2013; Holle et al., 2016; Dickreuter and Cordes, 2017;
Jiang et al., 2017). Other ECM components such as heparan
sulfate (Lanzi et al,, 2017), hyaluronic acid (a physiological
ligand for the cell surface receptor CD44 often found in cancer
stem cell niches) (Bourguignon, 2016), soluble factors such as
matrix metalloproteinases (MMPs) (Candido et al., 2016), tissue
inhibitors of metalloproteinases (TIMPs) (DeClerck, 2000) and
various cytokines and growth factors (Holohan et al., 2013),
all have been shown to alter drug response and mediate drug
resistance in cancer. For this reason, modern drug strategies
take advantage of targeting the interactions between tumor
cells and tumor-promoting microenvironmental factors. Such an
approach requires cancer models that more faithfully mimic a
tumor’s microenvironment and makes cancer drug discovery the
fastest growing application for 3D cell cultures. However, changes
in drug response in response to ECM remodeling are not limited
to tumors. For example, insulin resistance in obesity is known
to be affected by EMC remodeling in adipose tissue (Williams
et al., 2015; Lin et al., 2016) and cytokines, growth factors and
ECM proteins play significant roles in the development of fibrotic
diseases in many tissues including liver, lung and kidney (Wynn
and Ramalingam, 2012; Bonnans et al., 2014; Handorf et al.,
2015), requiring genuine culture models that can mimic in vivo
conditions for such diseases.

Matrix Stiffness

The ECM is characterized by its biochemical composition and
its physical and mechanical properties with tissue stiffness being
important for the maintenance of homeostasis (Handorf et al.,
2015). Changes in ECM composition are often accompanied
by changes in physical cues such as rigidity, leading to
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FIGURE 1 | Cells and their microenvironment. Tissue-specific cells (red) encounter a complex microenvironment consisting of extracellular matrix (ECM) proteins and
glycoproteins (green), support cells that mediate cell-cell interactions (blue), immune cells (yellow), and soluble factors (white spheres). The tissue microenvironment is
further defined by physical factors such as ECM stiffness (indicated by increasing density of ECM proteins), and oxygen (indicated by red shading of tissue-specific

cells) and nutrient and growth factor gradients (indicated by density of white spheres).

bidirectional changes in cells and the ECM (Hynes, 2014;
Alcaraz et al., 2017; Zollinger and Smith, 2017). Cells can
respond to mechanical forces through changes in cell division,
morphogenesis, migration, signaling, gene expression, ion
channel gating, or vesicle formation and by further remodeling
of the ECM (Hamill and Martinac, 2001; Eyckmans et al.,
2011; Tyler, 2012). The relationship between tissue stiffness
and cell phenotype and cell function has been well described
in tumors and in the brain. Tumors are usually stiffer than
surrounding healthy tissue and tissue stiffness can contribute
to drug resistance (Holle et al., 2016; Bordeleau et al., 2017;
Lin et al, 2017). In the brain, tissue stiffness is a major
factor in development and brain plasticity (Tyler, 2012; Barnes
et al., 2017). With brain being one of the softest tissues in the
body, its ECM is characterized by a relative low abundance of
matrix proteins and a high prevalence of glycosaminoglycans,
proteoglycans and glycoproteins, some of which are brain-
specific. This leads to cell-ECM interactions that are not only
mediated by integrins, but also by a variety of tissue-specific
non-integrin receptors predominantly found in neurons and
glial cells (Barros et al., 2011). The stiffness of brain regions
varies in normal brain and mechanical properties change with

age (Happel and Frischknecht, 2016) and in a wide range of
neurological disorders, including multiple sclerosis, Alzheimer’s
disease, epilepsy and schizophrenia (Tyler, 2012; Murphy et al.,
2016). The unique composition of brain ECM together with its
well-established roles in neurotransmitter function and receptor
turnover, ion channel activity, synaptic plasticity and dendritic
spine formation (Frischknecht and Gundelfinger, 2012) gives rise
to the need of cell culture models that reflect the complexity
of the brain ECM surrounding neurons and glial cells such as
astrocytes, oligodendrocytes and microglia. With drug failure in
neurological disorders exceeding that in many other diseases, 3D
culture models are promising technologies to meet the challenge
of developing more realistic in vitro disease models for CNS drug
discovery.

Concentration Gradients

Within a tissue, concentration gradients exist for oxygen, pH
and soluble components such as nutrients and effector molecules
as well as cellular metabolites. These natural gradients are
influenced by the proximity to blood vessels, by the diffusion of
molecules through the ECM, and thus, the composition of the
ECM, and by the extent of cellular metabolism that regulates
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oxygen and nutrient consumption and the production of cellular
waste products. Molecular concentration gradients affect various
cell behavior, including cell motility, cell migration, and cell
signaling and are important in chemotaxis and morphogenesis
in normal development and in wound healing. Depending on
the proximity to a blood vessel, small, avascular tumors or
metastasis often display a gradient in oxygen levels leading to
a proliferative zone and a hypoxic core with quiescent cells
that are more resistant to chemotherapy, immunotherapy and
radiation therapy (Herrmann et al., 2008; Carrera et al., 2010;
Chouaib et al., 2017). Traditional monolayer cultures are not
amenable to studies of oxygen or nutrient gradients as all cells
are homogenously exposed to the tissue culture medium. In
in vivo models, hypoxia occurs naturally or can be induced.
However, these are complex models and are associated with
high cost and variability. Thus, 3D cultures such as spheroids,
cells encapsulated into 3D matrices and microdevice platforms
provide opportunities to understand oxygen, growth factor
and nutrient-mediated mechanisms leading to changes in cell
phenotype and alterations in drug response.

Stromal Cells

In vivo, cells are not only surrounded by ECM and ECM-
associated signaling molecules, but connective tissue also
contains stromal cells, including mesenchymal supporting cells
such as fibroblasts or adipocytes in epithelial tissue, glial cells in
neuronal tissue, cells of the surrounding vasculature and cells of
the immune system. Interactions with stromal cells can regulate
surrounding epithelial and neuronal tissue, contribute to disease
progression and influence the therapeutic response of cells. In
tumors, carcinoma-associated fibroblasts can stimulate tumor
cell growth, induce angiogenesis and promote inflammation and
stromal cells within cancer stem cell niches drive drug resistance
(Egeblad et al., 2010; Jones et al., 2016; Prieto-Vila et al., 2017).
During the angiogenic switch of tumors, vasculogenesis involves
the recruitment of endothelial cells, perivascular cells and bone
marrow-derived cells, a process that cannot only be exploited
for cancer therapy but for which the stromal environment is
an important factor in regulating drug response (Crawford and
Ferrara, 2009; Egeblad et al., 2010; Gacche, 2015; Lopes-Bastos
et al, 2016; De Palma et al,, 2017). Inflammatory cells are
components of normal tissue and play an important role during
normal development. At the same time, stromal immune cells
contribute to a variety of diseases ranging from diabetes to
artherosclerosis, fibrosis, cancer and neurodegeneration (Wynn
etal., 2013). While targeting stromal immune cells is a promising
strategy for the development of novel therapeutics for a wide
range of diseases (Kersh et al., 2018) and recently has gained
wide attention in cancer drug discovery and for the therapy of
neurological diseases (Villoslada et al., 2008; Pitt et al., 2016;
Alsaab et al., 2017; Chitnis and Weiner, 2017; Kabba et al., 2017;
Pogge von Strandmann et al., 2017), immune cells also modulate
therapeutic response to drugs not directly targeting the immune
system (Kersh et al., 2018). In drug discovery, in vitro modeling
of such complex interactions will require multicellular 3D tissue
models with organoids currently being at the forefront for disease
modeling, drug screening and drug development.

3D Cell Culture Models

An ideal 3D culture model would simulate a tissue-
specific physiological or pathophysiological disease-specific
microenvironment where cells can proliferate, aggregate and
differentiate. Such a model would include cell-to-cell and
cell-to-ECM interactions, tissue-specific stiffness, oxygen,
nutrient and metabolic waste gradients, and a combination
of tissue-specific scaffolding cells (Griffith and Swartz, 2006).
Most 3D culture techniques, often categorized into non-scaffold,
anchorage-independent and scaffold-based 3D culture systems
as well as hybrid 3D culture models in which formed spheroids
are incorporated into a 3D polymeric scaffold (Ho et al., 2010),
currently do not meet all of the above criteria but rather
have their own strengths and limitations. Thus, one will need
to choose the most appropriate 3D cell culture model for a
specific application. For example, scaffold-based models more
readily mimic cell-to-ECM interactions while non-scaffold
based spheres of certain size are more amenable to cellular and
physiological gradients. Traditional 3D cell culture models such
as spinner flasks (Sutherland et al., 1970) or gyratory rotation
devices (Goodwin et al., 1993; Breslin and O’Driscoll, 2013)
provide large-scale methods to generate 3D spheres but lack
the possibility for miniaturization and are not compatible with
HTS methods. Many of the newer 3D culture systems (Figure 2)
allow for microscale 3D cultures and provide a first step toward
developing technologies for 3D cultures that are compatible with
automated high-throughput screening allowing for the discovery
of new drug candidates or repositioning of known drugs in
physiologically more relevant cell cultures.

Anchorage-Independent Technologies

Scaffold-free 3D culture methods rely on the self-aggregation
of cells in specialized culture plates, such as hanging drop
microplates, low adhesion plates with ultra-low attachment
coating that promotes spheroid formation and micropatterned
plates that allow for microfluidic cell culture. Spheroids, and
in particular multicellular spheroids (Mueller-Klieser, 1987;
Sutherland, 1988), recapitulate physiological characteristics of
tissues and tumors with regard to cell-cell contact, and if
synthesizing their own ECM, allow for natural cell-matrix
interactions. Spheroid size depends on the initial number of cells
seeded and spheroids can be grown to a size where they display
oxygen and nutrient gradients similar to tissue (Cukierman et al.,
2001; Doublier et al.,, 2012; Ekert et al., 2014). Neurospheres
are spheres of mixed cultures of progenitors, neuronal and glial
cells. While they consist mostly of poorly differentiated cells,
neurospheres allow for interactions between different cell types
of the CNS. These interactions play important roles in neuronal
differentiation, in the conversion of toxic compounds into active
metabolites, and in the secretion of apoptotic factors upon drug
treatment; thus neurospheres allow for CNS drug discovery
in a physiologically more relevant culture system (Campos,
2004; Moors et al., 2009). Tumor spheroid models derived from
established cell lines or obtained through ex vivo propagation
of tumors from individual patients (tumor organoids) have
been established for a variety of tumor types. Tumor spheroids
from patients retain their genome over time and can be used
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FIGURE 2 | Types of 3D cultures. In contrast to 2D monolayers or 2.5D cultures in which cells are plated on top of a thick layer of extracellular matrix (ECM), 3D
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form hybrid culture systems that combine the advantages of both systems to form a complex microenvironment for 3D cell culture.

to perform drug screens and facilitate drug development in a
patient-centered manner (Stadler et al., 2015; Nath and Devi,
2016; Pauli et al., 2017; Weeber et al.,, 2017). The disadvantage
of spheroid cultures, whether tumor spheroids or neurospheres,
however, is the need for much optimization of culture conditions
to obtain uniform spheroids to enhance reproducibility and of
size not too large to prevent insufficient nutrient supply and
necrosis.

Hanging Drop Microplates

Hanging drop cultures are a well-known 3D culture technology
taking advantage of self-aggregation of cells into spheroids when
a surface is not available for cell attachment. Hanging drops
can be created in specialized plates with open, bottom-less wells
that are designed for the formation of a small droplet of media.
The droplet is big enough for cells suspended in the medium to
aggregate but small enough to prevent it from being dislodged
during manipulation. Cultured for several days, cells in hanging
drop plates (HDP) can form spheres that may represent tumor
layers in the vicinity of a capillary—a peripheral layer with
proliferating cells due to the closeness to the supply of oxygen
and nutrients, underlaid by an intermediate layer with quiescent
cells and an inner necrotic core. With this, spheres can mimic

inward diffusion to form oxygen and nutrient gradients, model
in- and outward diffusion of regulatory molecules, and provide
a reservoir for the accumulation of waste, accompanied by low
pH. The spheroid size can be controlled by the initial number of
cells suspended in the drops but may require transfer from an
HDP plate to a second non-attachment propagation plate with
higher media volume to ensure suitable culture conditions with
adequate nutrient supply and pH over longer times and to allow
for the formation of bigger spheres. Multi-cellular spheres may
be created by co-suspending several cell types or by consecutive
addition of different cell types to promote the formation of
separate cell layers. Embedding of formed spheres into ECM-
like scaffolds allows for the modeling of cell adhesion of the
outer layers of the spheres with ECM components surrounding
tumor tissues. Spheroids formed in HDP plates as well as in low
adhesion plates described below have evolved into a common
3D cell culture technology in cancer research, examples of
which are described in a comprehensive review by Stadler et al.
(2015). Hanging drop cultures have also found applications in
toxicity testing in hepatocytes (Shri et al., 2017) or in engineering
cardiac spheroids (Chitnis and Weiner, 2017). In a recent
study, human primary or induced pluripotent stem cell (iPSC)-
derived cardiomyocytes were co-cultured with endothelial cells
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and fibroblasts in a ratio similar to that found in vivo. The
cardiac spheroids mimicked important in vivo features of the
human heart biochemically and pharmacologically offering a 3D
cell culture model to study toxic effects in human heart tissue
(Polonchuk et al., 2017).

Spheroid Microplates with Ultra-Low
Attachment Coating (Low Adhesion Plates)

Similar to HDP cultures, spheroid microplates with round,
tapered or v-shaped bottoms, take advantage of the lack of
cell attachment surfaces to promote aggregation of cells and
spheroid formation. In contrast to HDP cultures, however, a
transfer of spheroids to a different plate for prolonged culture
or experimental procedures is often not necessary. 96- or 384-
well plates have an initial higher volume capacity than droplets
and eliminate steps that would involve the need for manipulating
spheroids. Low adhesion plates are often made of polystyrene
and treated with hydrophilic or hydrophobic coatings like the
non-adherent polymer poly-HEMA (Ivascu and Kubbies, 2006)
or natural polymers such as agarose (Friedrich et al., 2009;
Li et al, 2011). The coating reduces the attachment of cells
to the point that they preferably aggregate with each other to
form spheroids. Because of their larger volume, low adhesion
plates are well suited for multicellular culture and are frequently
used for studies in tumor cells. For example, when grown
on chitosan-hyaluronan substrates, multicellular spheres formed
from two non-small cell lung cancer (NSCLC) cells exhibited
more stem-cell like characteristics, an increase in cell motility and
expression of markers for epithelial-to-mesenchymal transition
(EMT), and the stem-cell like cells displayed multidrug resistance
when compared to 2D cell cultures (Huang and Hsu, 2014).
Spheroids, but not 2D cultures, of patient-derived breast cancer
cells simulated tumor characteristics in vivo such as hypoxia,
dormancy, anti-apoptotic features and drug resistance (Imamura
et al.,, 2015). Another recent study took advantage of forming
brain tumor spheres in a mixed-neuronal culture environment
by co-culturing brain tumor cells with human fetal brain tissue
to develop an in vitro model for drug delivery assessments in
pediatric medulloblastoma (Iskandar et al., 2015).

Magnetic Levitation

Magnetic cell levitation is an emerging technique for the
formation of spheroids. To generate spheroids, cells are
preloaded with magnetic nanoparticles and then, using an
externally applied magnetic field, are floated toward the air/liquid
interface within a low adhesion plate to promote cell-cell
aggregation and spheroid formation. Magnetic levitation has
been used to generate spheroids from cells of various tissue, to
form multicellular mesenchymal stem cells spheroids and for
tissue engineering (Souza et al., 2010; Haisler et al., 2013; Tseng
et al, 2013; Lewis et al, 2016, 2017). Magnetically levitated
human glioblastoma cells closely recapitulated in vivo protein
expression observed in human glioblastoma tumor xenografts
(Souza et al., 2010) and recently, a high-throughput assay for
toxicity screening in 3D cell cultures using magnetic levitation
was described, making this a promising new technique in drug
discovery (Timm et al., 2013).

Scaffold-Based Technologies

Scaffold-based culture technologies provide physical support,
ranging from simple mechanical structures to ECM-like matrices,
on which cells can aggregate, proliferate and migrate. In 2.5D
cultures, cells are grown on top of a thick layer of ECM proteins
that allows for tissue-specific differentiation of a variety of cells.
Nevertheless, such cultures do not necessarily represent an in vivo
environment as cells are still exposed to tissue culture medium
and lack ECM contact on the surface (Shamir and Ewald,
2014). In scaffold-based 3D cultures, cells are embedded into the
matrix and the chemical and physical properties of the scaffold
material will influence cell characteristics. Scaffolds can be of
biological origin or they can be synthetic engineered to mimic key
properties of ECM such as stiffness, charge or adhesive moieties.
In some synthetic scaffolds, growth factors, hormones or other
biologically active molecules can be encapsulated to enhance
cell proliferation or to promote a specific cell phenotype. Thus,
when selecting a 3D cell culture scaffold for a certain application,
one will need to consider properties of the material that define
physical factors such as porosity, stiffness and stability in culture
as well as biological properties such as cell compatibility or
adhesiveness (Caliari and Burdick, 2016). Hard polymers can
provide the physical support found in a specialized tissue, such
as skin, tendons or bone and micropatterned surface microplates
can be designed for specific applications such as support of cell
networking.

Hydrogel Scaffolds of Biological Origin

Hydrogels are networks formed from dilute polymer chains with
given structure and properties, obtained either by intermolecular
(polymer network) or by interfibrillar crosslinks (supramolecular
fibrillary hydrogel network) (Tibbitt and Anseth, 2009; Li and
Deming, 2010; Yan and Pochan, 2010; Worthington et al., 2015).
Although hydrogels display solid-like material properties in the
quiescent state, with over 95% of water by volume, they can
indeed provide a cell-liquid interface (Sathaye et al., 2015).
Hydrogels may come from natural sources or can be synthetic,
with the possibility of mixing different hydrogel materials to
obtain hybrid hydrogels possessing new physical and biological
properties. Hydrogels from natural sources such as collagen,
fibrin or Matrigel are biocompatible, have natural adhesive
properties and sustain many physiological cell functions—
resulting in high cell viability, controlled proliferation or
controlled differentiation, and often a cell phenotype typically
observed in vivo. Collagen, with type I collagen being the most
abundant form, is the most widely used ECM protein for 3D
cell culture (Glowacki and Mizuno, 2008; Pathak and Kumar,
2011; Orgel et al, 2014). Altering collagen concentrations or
gelation temperature leads to changes in collagen hydrogel
stiffness allowing for controlled changes in cell proliferation
(Kutschka et al., 2006; Doyle et al., 2015) and, depending on
collagen stiffness, pancreatic cancer cells respond differently to
gemcitabine (Puls et al.,, 2017). Collagen, as well as Matrigel,
facilitate cell attachment through integrin receptors which leads
to activation of cell signaling pathways that control cell survival,
growth and differentiation (Yang et al., 2004; Kutschka et al.,
2006) and can modulate the response to therapeutic approaches,
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including chemotherapy, immunotherapy and radiation (Holle
et al., 2016; Dickreuter and Cordes, 2017). For example,
comparison of drug response profiles of breast, prostate and
lung cancer cell lines revealed clear differences in dose response
curves to docetaxel and fulvestrant when cells were grown in
collagen and compared to 2D cultures or other 3D culture
systems such as low attachment plates and other natural
scaffolds, including alginate and Matrigel (Stock et al., 2016).
Multiple myeloma cells cultured in a Matrigel-based human bone
marrow-like microenvironment provide a system for preclinical
testing of chemotherapeutics that take into account adhesion-
mediated mechanisms of drug resistance (Kirshner et al., 2008)
and Matrigel-embedded 3D-tumoroids derived from tissue of
patients with colorectal cancer and lung cancer can provide
a 3D culture system for drug testing that contains not only
tumor cells but also immune cells from surrounding tissues
(Finnberg et al., 2017). Matrigel and similar products are a
gelatinous mixture of proteins and growth factors secreted by
Engelbreth-Holm-Swarm mouse sarcoma cells (Kleinman and
Martin, 2005). Since Matrigel is minimally processed, it provides
a good mimic of in vivo ECM (Poincloux et al., 2011; Wong
et al,, 2011). Matrigel consists mostly of laminin and collagen
as well as a small fraction of entactin (a basement membrane
glycoprotein) and contains several growth factors, including EGF
(epidermal growth factor), bFGF (basic fibroblast growth factor),
NGF (nerve growth factor), PDGE, IGF-1(insulin-like growth
factor 1) and TGF-B (Hughes et al., 2010). Since Matrigel is
processed from natural sources, batch-to-batch variability of the
purified scaffold may interfere with pharmacological studies of
drug response. A growth-factor reduced formulation of Matrigel
is available, allowing for a 3D culture setup with more defined
properties (Wallace and Rosenblatt, 2003). Nevertheless, due to
the natural origin and manufacture from live tissue, collagen
and Matrigel are complex scaffolds that contain besides their
major constituents many other components and are therefore
chemically not well defined (Hughes et al., 2010; Gill and West,
2014). While collagen and Matrigel both support enhanced
interaction of cells with ECM proteins, due to their different
composition, cells embedded into collagen or Matrigel can
display different phenotypes (Borlak et al., 2015). Collagen and
Matrigel are available in liquid form and require handling at cold
temperatures to avoid premature gelation. The need for handling
these hydrogels at low temperatures makes them unsuitable for
common liquid handling equipment used for high-throughput
screens in drug discovery (Ryan et al, 2016; Worthington
et al., 2017). Fibrin is obtained through polymerization of
fibrinogen, a plasma protein, and is a natural polymer formed
during wound coagulation. While it has been used for in
vitro cultures, including angiogenesis studies, biomechanical
studies and mesenchymal stem cell culture, its high susceptibility
to protease-mediated degradation limits its use in long-term
cultures (Ahmed et al., 2008; Anitua et al., 2013; Kural and
Billiar, 2013; Brown and Barker, 2014; Caliari and Burdick, 2016).
Gelatin is a partial thermally and chemically degraded product
of collagen and can be stabilized by covalent modification.
The possibility of covalent linking of functional groups also
allows for the production of specialized gelatin gels, that for

example can be photoreactive (Banks et al.,, 2015) or oxygen-
controllable to form hypoxic gradients in 3D cultures (Lewis
et al, 2017). Another natural hydrogel is alginate that is
isolated from the cell walls of brown algae. The mechanical
properties and rapid degradation of the alginate hydrogel
somewhat limits its application for 3D cultures but alginate
hydrogels have found their use as 3D-printed scaffolds for
specialized tissue such as vascular tissue, bone and cartilage
(Axpe and Opyen, 2016; Joddar et al, 2016; Silva et al,
2017).

Synthetic Hydrogels

When well-designed, synthetic hydrogels are ideal materials to
use as 3D cell culture scaffolds as they can mimic biological
properties of ECM, be functionalized with defined adhesive
moieties, include proteolytic sites and encapsulate growth
factors. At the same time, they are chemically and physically
well-defined and often have tunable mechanical properties to
achieve a desired stiffness or porosity (Worthington et al.,
2015; Zhang and Khademhosseini, 2017). Synthetic hydrogels
can be categorized into non-natural and natural polymers.
Polyethylene glycol (PEG), polylactic acid (PA), polyglycolic acid
(PGA) and other unnatural polymer hydrogels (Racber et al.,
2005; Zhang and Khademhosseini, 2017) have the advantage
of being comparatively inexpensive, are relatively inert, have
reproducible material properties that are usually easy to tune
through synthesis or crosslinking, and are reproducible, thereby
supporting the acquisition of consistent results. On the other
side, however, unnatural polymers lack adhesive moieties found
in natural ECM and require crosslinking of biological peptides
to the scaffold to improve functionality (Weber et al., 2007;
Kraehenbuehl et al., 2008). PEG gels and their derivatives have
been used in a variety of 3D cell culture applications including
stem cell differentiation, cell invasion and angiogenesis (Lutolf
et al., 2003; Moon et al., 2010; Zhu, 2010; Caiazzo et al., 2016).
Synthetic natural polymers share with non-natural polymers
the advantage of consistent and tunable material properties
for reproducible results. Due to the biological nature of their
naturally occurring moieties, natural synthesized hydrogels are
highly compatible with encapsulation of cells for 3D cell culture.
However, material cost can be high due to complex chemical
synthesis requirements. One of the best characterized natural
hydrogels is hyaluronic acid (HA)—a glycosaminoglycan that can
be modified with functional groups, allowing for the formation of
hydrogels with diverse properties for a wide range of applications
(Burdick and Prestwich, 2011; Baeva et al., 2014; Goubko
et al, 2014). Small peptide-based hydrogel materials are an
evolving field in materials science and provide a new 3D cell
culture technology that is amenable to drug discovery studies.
Recently, a peptide-based 3D mesenchymal stem cell co-culture
model of the multiple myeloma bone marrow niche has been
described where patient-derived tumor cells displayed resistance
to chemotherapeutics that was reflective of clinical resistance and
thus, may provide a technology platform for drug testing and
precision medicine in multiple myeloma patients (Jakubikova
et al., 2016). While diverse in primary structure, the peptides
have a similar overall ability to form nanofibrillar structures with
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intramolecular folding and intermolecular assembly triggered by
physical or chemical cues. Peptide hydrogels are highly versatile
and material properties can be modulated by substituting amino
acids, extending or shortening the peptide sequence, or by the
addition of functional epitopes (Branco et al., 2011; Yang and
Zhao, 2011; Li et al., 2013; Wang et al., 2013; Worthington
etal,, 2015). Current peptide hydrogels that are most successfully
used for 3D culture (reviewed in Worthington et al., 2015) are:
the yeast-derived peptides EAK16 and RADA16 (Zhang et al,
1992, 2005); the peptides Fmoc-FF (Fluorenylmethoxycarbonyl-
diphenylalanine) and Fmoc-RGD (Fluorenylmethoxycarbonyl
arginine-glycine-aspartic acid) (Jayawarna et al., 2006; Mahler
et al., 2006; Smith et al., 2008; Orbach et al., 2009; Zhou et al.,
2009); the peptide hydrogel h9e that is based on the fusion of
functional domains from a silk protein and a human calcium
channel (Huang and Sun, 2010; Huang et al., 2011, 2013); FEFK
and FEFKEFK, which form hydrogels in the presence of a
metalloprotease (Toledano et al., 2006; Guilbaud et al., 2010); and
the MAX1 peptide that gelates under physiological conditions,
and like h9e, has shear-thinning properties (Schneider et al.,
2002; Haines-Butterick et al., 2007). A single acid substitution
derivative of the MAX1 peptide, MAX8 (Haines-Butterick et al.,
2007), with reduced gelation times has recently been reported
to be compatible with liquid handling equipment making it
suitable for high-throughput drug discovery (Worthington et al.,
2017).

Polymeric Hard Scaffolds, Micropatterned
Surface Microplates, and Microfluidic

Devices

Microfabrication technology allows for the fabrication of an
endless array of imprinted micropatterns on the surface of
plates. Coated for low adhesion, the micro-patterned plates can
be designed to promote cell-to-cell adhesion for scaffold-free
microsphere formation within the confinement of a microspace.
Micropatterned plates can also be manufactured to provide
a scaffold-based 3D culture environment to promote cell
attachment for the formation of contiguous networks along
surfaces and organoids. Polymeric pre-fabricated scaffolds, such
as porous discs, electrospun scaffolds or orthogonally layered
polymers, are physical supports that can be an inert matrix or
designed to mimic in vivo ECM on which cells can attach, migrate
or fill scaffold compartments to form 3D cultures carrying a
geometric configuration (Knight et al, 2011). Currently, the
most common applications for such scaffolds are for tissue
regeneration recreating the natural physical and structural
environment of bone, ligaments and cartilage, for skin, vascular,
skeletal muscle or CNS tissue and for preclinical in vitro 3D
culture testing of tumoroids or engineered tissues (organoids).
In particular, tumoroids derived from patient samples are
promising techniques for drug screening and drug development
in precision medicine (Stadler et al., 2015; Nath and Devi, 2016;
Pauli et al., 2017; Weeber et al., 2017). Recently, a microspun
3D fibrous scaffold for tumoroid formation was developed as
a platform for andicancer drug development (Girard et al,
2013). When compared to 2D monolayers, HepG2 liver cells

grown on 3D porous polystyrene scaffolds had greater cell
viability and formed bile canaliculi, and at the same time
were less susceptible to cytotoxic compounds (Bokhari et al,
2007). Microfluidic devices are designed for cell cultures under
perfusion and allow for steady supplies of oxygen and nutrients
while at the same time removing waste. Microfluidic devices
can be built to mimic shear forces found in vivo in cells
that are exposed to blood flow like endothelial cells. A barrier
between compartments can be physically incorporated into
the device or it can consist of a non-physical barrier such
as a supporting matrix mimicking ECM. Microfluidic devices
allow for the continued application of drugs or other soluble
molecules such as growth factors, or the exchange of fluid
between different compartments that may harbor different types
of cells. Microfluidic devices can be used for long-term tumoroid
cultures (Aw Yong et al., 2017) and Montanez-Sauri, et al recently
described an automated microfluidic ECM screening platform
with the capability for small molecule screening (Montanez-
Sauri et al,, 2013). Microengineering of microfluidic devices also
allows for the development of organ-on-a-chip platforms with
3D tissue models having been described for a variety of organs
including skin, muscle, liver and neural tissue, bridging in vitro
cell culture and in vivo animal models. With the advancement
of these 3D culture technologies, organs-on-a-chip are poised
to provide advanced tools for drug development and high-
throughput screening in the future (Alépée et al., 2014; Pamies
et al., 2014; Abaci et al., 2017).

Organoids

Originally, the term organoid referred to primary cultures of
tissue fragments separated from the stroma within 3D gels
to from organ-like structures (Simian and Bissell, 2017). Over
the past decade, the term organoid has broadened and now
encompasses a variety of tissue culture techniques that result in
self-organizing, self-renewing 3D cultures derived from primary
tissue, embryonic stem cells, or induced pluripotent stem cells
that have a similar functionality as the tissue from which
the cells originate (Lancaster and Knoblich, 2014; Shamir and
Ewald, 2014; Clevers, 2016; Fatehullah et al., 2016; Kretzschmar
and Clevers, 2016; Simian and Bissell, 2017). While current
organoid cultures often still face limitations, such as the lack
of a native microenvironment (e.g., ECM composition, growth
factor gradients) or the lack of interactions with immune cells
and, consequently, the inability to model immune responses,
organoids derived from human cells have the potential to provide
near-physiological models to study human development and
human diseases. With this, more advanced organoid cultures
will allow for developing screening platforms for drug discovery
that are more cost-effective than animal models and can
provide precise models of human diseases that cannot be
recapitulated in animals. Organoid cultures have been described
for a variety of organs, including various normal tissue and
disease models of the digestive tract, prostate, lung, kidney
and the brain (Clevers, 2016; Fatehullah et al., 2016; Dutta
et al, 2017). Currently, transcriptome profiling is one of
the most common downstream applications of organoids but
applications in drug discovery and precision therapy are evolving

Frontiers in Pharmacology | www.frontiersin.org

January 2018 | Volume 9 | Article 6


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Langhans

Drug Discovery in 3D Cultures

(Fatehullah et al., 2016; Liu et al., 2016). For example, kidney
organoids have been used for toxicity screening in response to
cisplatin (Takasato et al., 2015), an organoid model of cystic
fibrosis for drug screening has been described (Dekkers et al.,
2013) and a high-throughput platform for intestinal stem cell
niche co-cultures has been developed (Gracz et al, 2015).
Beyond such organoids, tumoroids derived from patient cancer
tissues that contain tumor cells and stroma cells of the tumor
microenvironment are poised to provide advanced and more
realistic 3D culture platforms for personalized drug evaluation
and development (Xu et al., 2014; Stadler et al., 2015; Pauli
et al, 2017). Further, tumoroids that retain tissue identity,
paired with organoids of adjacent healthy tissue, can lay the
foundation to construct tumor organoid biobanks as repository
for drug screening and development (van de Wetering et al.,
2015).

Applications of 3D Cultures in Drug

Discovery and Drug Repositioning

In the past, cell-based drug discovery emphasized chemical
screens in well-characterized cell monolayers, and mostly in
cancer drug discovery, in large panels of authenticated cell
lines (Smith et al, 2010; Barretina et al., 2012). However,
in recent years, 3D cell culture systems that model in vivo
microenvironmental aspects, and are therefore expected to yield
results with higher predictive value for clinical outcome, are
becoming more prominent in drug discovery. In addition,
authentic 3D cell culture models using human cells can
circumvent drawbacks of mouse models that, aside from the
high cost and ethical considerations, are not always able to
accurately recapitulate human diseases or capture side effects
of drugs such as liver toxicity (Sivaraman et al., 2005; Aparicio
et al,, 2015). In order to enhance the drug discovery process,
aid in the development of new pharmacological approaches or
to be useful in vitro toxicity screens, 3D cell culture models will
need take into account that the response to a broad spectrum
of drugs varies not only with a particular cell line or tumor
type, but also with its surrounding stroma. The response to
therapeutic compounds may range from drug resistance to
enhanced sensitivity based on tissue-specific composition of the
ECM, the interaction with stromal cells and the presence of
immunomodulatory molecules (Turley et al., 2015; Johansson
et al., 2016; Stock et al., 2016). While research into new 3D
culture technologies that take into account the functional unit of
tissues such as organoids has gained great momentum (Lancaster
and Knoblich, 2014; Shamir and Ewald, 2014; Clevers, 2016;
Kretzschmar and Clevers, 2016; Simian and Bissell, 2017), much
work remains to be done to develop systems that accurately
represent in vivo conditions and disease pathology. At the
same time, 3D cell cultures open up the door to model the
cell culture environment to promote a desired cell behavior.
Models focused on enhanced cell motility, induction of cell
dormancy, promotion of cell differentiation in epithelial cells and
neurons, the support of stem cell-like properties or a desired
microenvironment like that of a metastatic niche (Valastyan
and Weinberg, 2011; Sleeman, 2012), enable the possibility

of more specifically targeting certain cell behavior in drug
discovery. In addition, cancer drug discovery combining 3D cell
culture technology with primary patient-derived tumor cells (Ma
et al, 2015), and molecular profiling data or the formation of
3D organoid banks of tumor cells that are representative of
molecular tumor subtypes (van de Wetering et al., 2015), may
open the door for preclinical screening of a personalized panel of
drug candidates to improve outcome and reduce side effects of
cancer therapy.

Limitations of 3D Cell Culture Technologies

in Drug Discovery

High-throughput screening (HTS) to determine the biological
or biochemical activity of chemically diverse small compound
libraries or high-content screening (HCS) used to identify
compounds that alter a cell’s phenotype is an integral part of
drug discovery. Application of 3D cell culture in HTS and
HCS, however, remains a challenge (Rimann and Graf-Hausner,
2012; Edmondson et al., 2014; Montanez-Sauri et al., 2015; Ryan
et al.,, 2016). Aside from the question of biological and disease
relevance, labor intensiveness and material cost, scalability
to 384- and 1,536-well plates, reproducibility, incorporation
into an automated screening setup and compatibility with
currently available assay and detection methods are areas of
concern (Janzen, 2014). In HCS, one of the biggest challenges
to overcome will be the visualization of 3D structures with
automated imaging systems. Optical light scattering, light
absorption and poor light penetration with prolonged imaging
acquisition times, and imaging of multicellular cultures and
cells grown within complex geometrical structures, currently
limit the applications of 3D cultures in HCS. One of the
biggest challenges of incorporating 3D cultures into HTS
will be to design systems that are compatible with liquid
handling equipment. The hanging drop culture is the spheroid
technology that has most advanced toward use in HTS. HDPs
are available in 96- and 384-well formats but they require
significant expertise in the use of the technology within a HTS
setup. Collagen and Matrigel are commonly used hydrogels, but
their natural origin limits the possibility of mimicking different
tissue environments, the variations of different preparations
impacts reproducibility, and their gelation properties prevent
the handling at ambient temperature. Despite these challenges,
HTS-compatible screening platforms are emerging. Synthetic
matrices, while costly, have the advantages of providing defined,
designed, and tunable material properties and allow for the
controlled inclusion of biochemical cues. Self-assembling peptide
hydrogels do not require covalent crosslinking reactions and can
assemble into a defined hydrogel at physiological conditions. We
have recently described an injectable hydrogel that flows under
shear and is compatible with standard liquid automated handling
equipment to form reproducible 3D cultures in 384-well plates
(Worthington et al., 2017). The next step will be to build a 3D
culture system that is versatile enough to enter mainstream drug
discovery but can easily be fine-tuned to meet the tissue-specific
characteristics of an in vivo-like microenvironment.
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CONCLUSIONS

The field of 3D cultures has grown exponentially in the past few
years and offers considerable promise with broad applications
in drug development and toxicity testing for a wide variety
of diseases ranging from cancer to fibrosis to cardiac and
neurological disorders. The major challenge will remain the
creation of 3D cultures which are biologically relevant and
recapitulate microenvironmental factors that resemble in vivo
tissue and disease pathology. Given that the ECM alone has
more than 300 biochemical constituents not including cellular
components, this remains a daunting task. Nevertheless, with
an increasing list of available 3D cell culture methods, we can
take advantage of technologies that are most appropriate for a
particular purpose such as mimicking a tumor environment or
brain-specific matrix with appropriate tissue stiffness, recreation
of a tissue barrier, or other specialized technical application.
By combining biomedical engineering knowledge in the design
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Natural killer (NK) cells are critical effectors of the immune system. NK cells recognize
unhealthy cells by specific ligands [e.g., MHC- class | chain related protein A or B
(MIC-A/B)] for further elimination by cytotoxicity. Paradoxically, cancer cells down-
regulate MIC-A/B and evade NK cell’s anticancer activity. Recent data indicate that
cellular-stress induces MIC-A/B, leading to enhanced sensitivity of cancer cells to
NK' cell-mediated cytotoxicity. In this Perspective article, we hypothesize that current
chemotherapeutics at sub-lethal, non-toxic dose may promote cellular-stress and
up-regulate the expression of MIC-A/B ligands to augment cancer’s sensitivity to
NK' cell-mediated cytotoxicity. Preliminary data from two human breast cancer cell
lines, MDA-MB-231 and T47D treated with clinically relevant therapeutics such as
doxorubicin, paclitaxel and methotrexate support the hypothesis. The goal of this
Perspective is to underscore the prospects of current chemotherapeutics in NK cell
immunotherapy, and discuss potential challenges and opportunities to improve cancer
therapy.

Keywords: cancer, natural killer cells, doxorubicin, immunotherapy, MIC-A/B

INTRODUCTION

Cancer continues to be one of the leading causes of death (Global Burden of Disease Cancer
Collaboration et al., 2015). Our understanding of carcinogenesis has significantly advanced in
the recent decades. Consequently, several novel strategies and potential anticancer therapeutics
have emerged, although with limited success in translation. Some of the common challenges
that block successful clinical translation of potential therapeutics include resistance to therapy,
metastasis, etc. Apart from the biological challenges, the cancer drug development program is
also impeded by the high-cost and extensive time incurred for the development of de novo drugs
(Ishida et al., 2016). Recently, there has been an interest to exploit serendipitous anticancer effects
of therapeutics that are indicated for other ailments. This process of recognition of new indications
of a clinically approved therapeutic is referred as “drug repositioning” or “drug repurposing”
(Ishida et al., 2016). Emerging reports indicate that such drug repositioning and repurposing could
have desirable outcome in the management of cancer. For example, compounds of cardiovascular
treatments (Ishida et al., 2016), anti-diabetic agents (Gadducci et al., 2016) and HIV therapeutics
(Maksimovic-Ivanic et al., 2017) have been found to promote anticancer effects. In this context,
extended application of current chemotherapeutics to enhance the efficacy of immunotherapy has
also been indicated (Fournier et al., 2017).
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Chemotherapeutics for NK Cell Mediated Therapy

Cancer chemotherapeutics at their maximum tolerated dose
or the most efficacious dose have long been known to cause
undesirable effects, including immune-suppression (Hersh and
Oppenheim, 1967). Reports from two independent groups,
Browder et al. (2000) and Klement et al. (2000) demonstrated
that repeated, low-dose chemotherapy at frequent cycles promote
desirable anticancer effects. Interestingly, a decade earlier it
was shown that a combinatorial approach using a low-dose
of cyclophosphamide with a low-dose of IL-2 had synergistic,
improved anticancer effects (Eggermont and Sugarbaker, 1988).
However, the inferences were mainly focused on the combination
therapy. Nonetheless, these studies provided the foundation for
the modern concept of “metronomic therapy.” Consequently,
metronomic treatment has gained much attention (Figure 1A)
(Romiti et al., 2017), and has been expected to play a significant
role in the context of personalized medicine as well (Andre
et al., 2014). Concomitantly, data also emerged indicating that
conventional maximum tolerated dose of chemotherapeutics
affect anticancer immune cells (e.g., NK cells) (Saijo et al., 1982;
Sewell et al., 1993). Furthermore, post-chemotherapy though a
recovery in total number of immune cells was observed, the
functional recovery was not evident indicating loss of immune
cell function in breast cancer as well as lung cancer (Saijo
et al., 1982; Sewell et al., 1993). On one hand, the anticancer
function of immune cells such as NK cells has been known to
be affected by high dose chemotherapeutics; on the other hand,
low-dose metronomic therapy improves anticancer effects. With
this background, emerging concepts point to the optimization of
drug regimen that could augment or facilitate anticancer immune
activity (Emens et al., 2001; Emens and Middleton, 2015). Yet,
there is paucity of data on the immunotherapeutic potential of
chemotherapeutics to enhance the efficacy and/or opportunity
for natural killer (NK)-cells, a principal component of the
immune system. Here, in this Perspective in the light of recent
research, we discuss the potential of sub-lethal, non-toxic dose of
current chemotherapeutics to induce the expression of MIC-A/B
to sensitize cancer cells to NK-cell mediated cytotoxicity.

TUMOR CELLS, IMMUNE EVASION, AND
NK CELLS

Cancer cells evade immune surveillance, and this “immune
evasion” has recently been recognized as one of the hallmarks
of cancer (Hanahan and Weinberg, 2011). Though earliest
report on the anticancer potential of the immune system dates
back to the 19th century (Coley, 1898), only in the past
few decades the clinical relevance and plausible outcomes of
immunotherapies have been recognized (Burnet, 1957). For
example, recent reports on tumor microenvironment (TME)
and understanding the impact of cancer metabolism on TME
have shed light in deciphering the anti-immune properties of
TME (Ganapathy-Kanniappan, 2017a,b). Emerging data indicate
that the alteration of TME could impact the antitumor immune
response (Husain et al., 2013; Fu et al.,, 2015). Among immune
cells, besides the T cells, studies on NK cells have also
gained momentum. NK cells are an integral component of the

immune system and are considered as the “first line” of defense
(Lodoen and Lanier, 2006). NK cells detect and target unhealthy
or diseased cells including cancer, and induce cytotoxicity.
Thus, NK cell-mediated cytotoxicity is an effective anticancer
immunotherapeutic approach (Ljunggren and Malmberg, 2007).
Mechanistically, cell surface receptors on NK cells recognize
specific ligands (commonly known as NK-G2D ligands) on
target cells to induce cytolytic processes. Among the NKG2D
ligands, MHC- class I chain related protein A or B (MIC-
A/B) are known to be up-regulated during cellular pathology.
Paradoxically, cancer cells have been known to reduce the surface
expression of MIC-A/B ligands through multiple mechanisms
such as cleavage/shedding of the extracellular domain of MIC-
A/B or down-regulation of expression (Rzymski et al., 2012;
Chitadze et al., 2013). Multiple lines of evidence indicate that
restoration of MIC-A/B expression render cancer cells sensitive
to NK cell mediated cytotoxicity (de Kruijf et al., 2012; Okita et al.,
2012). Thus, interference with cancer’s mechanism of down-
regulation of MIC-A/B to up-regulate the expression may be an
effective approach to enhance cancer’s sensitivity to NK cells.
Akin to this, disruption of energy metabolism of cancer (Fu
et al., 2015), induction of thermal stress (Dayanc et al., 2013),
exposure to pro-oxidants such as hydrogen peroxide (Yamamoto
et al., 2001) and reactive oxygen species (Soriani et al., 2014)
have been shown to up-regulate the expression of MIC-A/B in
cancer. However, the underlying mechanism of such cellular
or metabolic stress-related MIC-A/B up-regulation remains to
be known. Nevertheless, the characteristic feature that MIC-
A/B are stress-inducible provides a window of opportunity to
envisage clinically relevant approaches to induce stress in cancer
cells.

CHEMOTHERAPEUTICS AND THE
POTENTIAL FOR SENSITIZATION TO NK
CELLS

Current chemotherapeutics play a pivotal role in the
management of cancer, especially in advanced stages such
as metastatic cancers. Ever since the recognition of chemical
agents as potential therapeutics in the dawn of 20th century, the
field of chemotherapy has advanced remarkably (refer review
by DeVita and Chu, 2008). While some chemotherapeutics
have been indicated to interfere with the efficacy of NK
cell mediated killing of cancer cells others have proven to
be effective in enhancing the outcome of NK cell mediated
immunotherapy. Besides, in the presence of natural compounds
(e.g., fruit extracts of Morus alba L.) chemotherapeutic like
5-fluorouracil demonstrated increased anticancer efficacy which
involved enhanced NK cell activity (Markasz et al, 2007).
Similarly, inhibitors of histone deacetylases (HDACs) such as
Trichostatin A have been shown to sensitize cancer cells to
NK cell mediated cytotoxicity (Tiper and Webb, 2016; Shin
et al, 2017). Recently, Yang et al. (2015) have documented
that the HDAC inhibitor, suberoylanilide hydroxamic acid
(SAHA) upregulates MIC-A/B by facilitating gene-specific
acetylation. Thus, deregulation of epigenetic mechanisms
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have been indicated to up-regulate MIC-A/B based on genetic
regulation.

Irrespective of the diverse class of chemotherapeutics such as
DNA-damaging agents (e.g., doxorubicin), antimetabolites (e.g.,
methotrexate), mitotic inhibitors (e.g., paclitaxel), nucleotide
analogs (6-mercaptopurine) or inhibitors of topoisomerases
(e.g., etoposide), anticancer agents in general mediate their
effects by induction of cell death mechanisms (Herr and
Debatin, 2001). Noteworthy, a common underlying mechanism
is the induction of specific or overall cellular stress, and

the severity of which determines the outcome (i.e.) cell
death (Herr and Debatin, 2001). Invariably, the majority of
chemotherapeutics implicate the induction of cellular-stress
during their anticancer effects (Gewirtz, 1999; Minotti et al.,
2004). Since chemotherapeutics could induce cellular-stress and
the MIC-A/B ligands required for NK cell recognition are stress-
inducible, it is intriguing to verify whether chemotherapeutics
could be exploited to up-regulate MIC-A/B. To test this
hypothesis it is imperative to include couple of guidelines.
(i) The objective of using the chemotherapeutic is not to
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achieve cytotoxicity but to induce the expression of MIC-
A/B to facilitate NK cell mediated cytotoxicity. This would
facilitate effective infiltration and targeting of cancer cells by
the NK cell population providing a repertoire of immunological
responses against cancer. (ii) The selection of chemotherapeutic
dose (sub-lethal, non-toxic low-dose) should be sufficient to
cause sustainable cellular stress to allow the induction of
MIC-A/B.

For preliminary investigation, two human breast cancer
cell lines, MDA-MB-231 and T47D were examined with one
or more of the following clinically relevant therapeutics such
as doxorubicin, paclitaxel, 4-hydroxy tamoxifen (4-HT) and
methotrexate. As indicated in Figures 1B, 2A, the sub-lethal,
maximum non-toxic dose of respective chemotherapeutics was
determined (ICjp) and the cells were subjected to treatment
at the dose equivalent or lesser than the ICjo. The IC;y was
determined by Celltiter-Glo Bioluminescent assay (Promega,
Co., United States). In brief, a day before the metronomic

treatment, cells growing in log-phase were plated to attain ~60%
confluency in 96-well plates (for toxicity assay). The following
day, metronomic treatment was initiated with the replacement
of complete-growth medium with various concentrations of the
drugs to be tested. The drug-containing media was replaced
every 48 h, and the viability assay was performed 4-days
from the initiation of treatment. For MIC-A/B immunostaining,
only the chosen concentration (the dose equivalent or lesser
than the IC;p) was used, but the cells were plated in 8-well
chamber/cover-glass slides (for immunofluorescence imaging).
The treatment was performed as described and staining
was performed with specific antibodies. Immunofluorescence
imaging showed that treatment with sub-lethal, non-toxic dose
of chemotherapeutics elevated the expression of MIC-A/B
compared to untreated (control) cells (Figures 1C, 2B).
Quantification of specific signal intensity normalized with
nuclear stain (DAPI) signal showed chemotherapy-dependent
induction of MIC-A/B (Figures 1C, 2B). As discussed earlier,
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respective chemotherapeutic over 24, 48 and 72 h of treatment. The concentrations indicated in the square box is the dose used for metronomic treatment.

(B) Effect of respective chemotherapeutics on the induction of MIC-A/B as evidenced by specific staining (red fluorescence). The nuclear stain by DAPI (blue) and
light microscopic images have been shown to indicate cell-specific staining of MIC-A/B (red fluorescence). Numerical data below the fluorescent images represent
specific-signal intensity obtained by the ratio between DAPI and MIC-A/B staining. Scale-100 pm.
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genetic or epigenetic regulation of MIC-A/B by specific inhibitors
like SAHA have already been known (Yang et al., 2015). Yet, the
up-regulation of MIC-A/B by clinically relevant chemotherapy-
dependent cellular stress remains to be known.

OPPORTUNITIES, CHALLENGES, AND
FUTURE DIRECTIONS

Clinical data obtained from 30 patients demonstrated that the
functional status of NK cells during or after chemotherapy
strongly correlated with the disease-free survival or tumor
recurrence (Mackay et al., 1983). Similarly, an overall increase
in immune-infiltration of tumors following chemotherapy has
also been known (Hernberg et al, 1997). However, due to
the lack of mechanistic insights, skepticism overruled the
immunotherapeutic potential of chemotherapeutics. Emerging
reports unravel the possible mechanisms and provide significant
insights on chemotherapy-related sensitivity of cancer to immune
cells such as T cells and NK cells. Using clinically relevant
chemotherapeutics it has also been demonstrated that induction
of cellular stress or genotoxic stress render cancer cells sensitive
to NK cells (Fine et al., 2010). Further, it has been shown
that chemotherapy-dependent down-regulation of C-type lectin
related receptor on cancer cells was coordinated with an
up-regulation of NKG2D ligands (Fine et al., 2010). Note,
MIC-A/B are also NKG2D ligands that are recognized by NK
cells. In fact, in end-stage patients it has been demonstrated
that low-dose metronomic treatment with cyclophosphamide
depletes the regulatory T cells (Tregs- that inhibit the cytotoxic
T lymphocytes), and restores the activity of T-cells as well as
NK cells (Ghiringhelli et al., 2007). However, a direct molecular
link between tumor sensitivity and NK cell efficacy following
chemotherapy still remains obscure. Recent data demonstrated
that induction cellular stress (e.g., H;O,, thermal stress,
metabolic stress) followed by the up-regulation of MIC-A/B is
a direct molecular link that sensitizes cancer cells to NK cell
mediated cytotoxicity (Yamamoto et al., 2001; Dayanc et al., 2013;
Fu et al.,, 2015). It has also been shown that such stress conditions
decrease the rate of shedding or cleavage of the MIC-A/B a
mechanism that enables cancer cells to evade NK cell recognition
(Chitadze et al., 2013). These reports unequivocally indicate
that induction of cellular stress could be pivotal to up-regulate
NKG2D ligands (Fine et al., 2010) and sensitize cancer cells to
NK cell activity.

The preliminary data shown here certainly necessitates
detailed investigation for further validation. Yet, the results
provide first indication of the possible application of current
chemotherapeutics at non-lethal metronomic doses to induce
cellular stress followed by the expression of stress-inducible
MIC-A/B. Importantly, as the therapeutics are used at very low,
non-toxic doses it is likely to avoid or prevent potential systemic
toxicities or undesirable effects that are frequently encountered
with conventional chemotherapy. For example, chemotherapy-
related complications on gastrointestinal tract (Boussios et al.,

2012) and cardiovascular toxicities (Swain et al., 2003; Jones
et al., 2007; Khouri et al., 2012) have already been reported.
Furthermore, chemotherapy related toxicities on the central
nervous system (e.g., methotrexate) (Cordelli et al.,, 2017) and
cardiomyopathy (e.g., doxorubicin) have also been reported
(Chatterjee et al., 2010). Besides toxicities, the undesirable
effect of some therapeutics (e.g., tamoxifen) involves impact on
patient’s face, eyelids, and eyebrows, resulting in frequent visits to
the optometrist as well (Omoti and Omoti, 2006).

Paclitaxel, doxorubicin, and methotrexate are common
chemotherapeutics approved for the use in the treatment of
many cancers. However, using the maximum effective dose
with extended periods between treatment cycles has proven
to decrease the outcome, with increased systemic toxicity.
Recently, metronomic chemotherapy has been suggested as an
alternative option to mitigate unwanted side-effects of maximum
effective dose (Scharovsky et al., 2009). Thus, by using non-
toxic, sub-lethal dose the risk of systemic toxicity is likely to
be lowered, if not eliminated. More importantly, such low-dose
chemotherapeutics would not hinder or block host immune cells’
function.

Arguably, the use of low-dose chemotherapeutics by
metronomic treatment may contribute for the emergence of a
resistant or “addiction” phenotype. Such cancer cells may become
insensitive to any dose escalation if necessary. In principle, cancer
cells that are subjected to cellular stress and induction of MIC-
A/B would be sensitive to NK cells hence would be eliminated.
Thus, cells that are exposed to low-dose metronomic treatment
are likely to be eliminated by NK cell mediated cytotoxicity.
Furthermore, data also indicate that cancer cells that acquired
resistance to low-dose chemotherapy are still sensitive to the
maximum tolerated effective dose (Emmenegger et al., 2011).
So, it is plausible that despite the low-dose exposure the cancer
cells still be responsive to high-dose chemotherapy. Nevertheless,
additional pre-clinical as well as clinical investigations are
mandatory to verify any potential concerns. Future studies on
the stability and half-life of MIC-A/B ligands that are induced
by low-dose, non-toxic chemotherapeutic would be critical to
ascertain if the MIC-A/B induction will sensitize cancer cells to
NK cells. In addition, as cancer cells evade NK cell recognition
by shedding or cleavage of the MIC-A/B, it is imperative to
determine whether low-dose chemotherapy mitigates or inhibits
such shedding of MIC-A/B. Thus, current chemotherapeutics
may have an extended application to induce or enhance cancer’s
sensitivity to NK cell mediated cytotoxicity.
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A MULTIMODAL APPROACH TO THE RE-DEVELOPMENT OF
DRUGS

Drug repositioning—the investigation, development and use of active pharmaceutical ingredients
for a therapeutic class that is different from the original one—is much more than a “recycling” of
known drugs or drug candidates (Oprea and Mestres, 2012). Quite the opposite, it creates novel
insights that are of additional scientific and public health interest. Exploiting the fact that very
few compounds act on only one molecular target is just one aspect; drug repositioning can also
use drug targets as a starting point to screen compound libraries. Nowadays it goes far beyond
serendipity, making use of the newest insights in chemical genomics (Bisson, 2012), computational
biology (Hodos et al., 2016; Li et al., 2016), systems medicine (Mei et al., 2016), and text mining
(Tari and Patel, 2014) to utilize pharmacological activities (known or newly identified) in more
ways than had been originally envisaged. This approach extends to biotechnology products, and
even vaccines (Veljkovic and Paessler, 2016).

The constantly growing number of repositioning-related peer review papers in PubMed reflects
the growing scientific interest in the subject. For 2016, a search for papers indexed under the MeSH
term “drug repositioning” or the keyword “drug repurposing” returned 306 hits. Considering
that many relevant contributions are not being indexed in this way, and do not contain “drug
repurposing” in their titles or abstracts, this captures only part of the actual publishing activity
even as reflected in PubMed-listed journals.

PATENTING IN DRUG REPOSITIONING PROJECTS

Drug repositioning offers more immediate value than developing a new chemical entity.
Re-developing an active compound that is already marketed, or at least has some accessible
preclinical or clinical data, is associated with a substantially reduced risk of failure that may be due
to safety, resulting in improved success rates (Caban et al., 2017). Depending on circumstances,
the path toward regulatory approval can be shortened, and savings in terms of time to market and
cost can be realized. Although there are many issues to consider in the commercial valuation of a
drug re-development project, obtaining intellectual property for the new use (frequently combined
with a new formulation, which may involve a different route of administration) will always be a
paramount factor (Sternitzke, 2014).

PATENTS AS AN INFORMATION SOURCE FOR DRUG
REPOSITIONING R&D

There is more to patenting than just establishing intellectual property. Drug-related patents are a
source of pharmacological and developmental information that offers an orthogonal perspective
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on research and development activity in the field: while peer
reviewed journals aim at publishing what has scientific novelty,
patenting primarily reflects what inventors and patent assignees
deem to be of relatively immediate applicability. Its requirements
for novelty and non-obviousness are not academic but practical
ones. To obtain a complete perspective of drug repositioning
activity, it would be extremely worthwhile to investigate patent
documents as a complement to peer reviewed publishing.

This is not a trivial task because no ontology or keyword
pattern exists that would allow a targeted search for “novel
medical use” patents. In effect, the abstracts of all patents
in the pharmaceutical category (and in many cases, the full
texts) have to be examined for such content. For international
disclosures published under the Patent Convention Treaty, this
amounts to 250-300 documents per week that need to be
screened.

WHAT STUDYING DRUG REPOSITIONING
PATENTS CAN OFFER

We have shown earlier that source and target indications
of drug repurposing, as reflected in international patent
applications published during the years 2011-2014, are not
randomly distributed in therapeutic space but follow preferred
vector patterns (Mucke and Mucke, 2015). Unexpected findings
included frequent secondary use claims for oncology agents to
treat noninfectious respiratory diseases, and for cardiovascular
agents to treat neurological conditions.

A superficial look at the most recent 3-year period between
October 2014 and September 2017 confirms that patenting
activity in this field continues to be substantial, and is growing. In
each quarter during this interval, between 17 and 39 international
patent applications claiming drug repositioning matters have
been published, to a three-year total of 329 documents—on
average, about two per week. Just as with the respective counts in
PubMed, these are minimum figures because the repositioning-
related content of a patent is sometimes not apparent from its title
or abstract.

Some of these patents provide extremely interesting insights
into drug re-development work in industry and academia
that are not published elsewhere, or are published only later.
Arbitrarily chosen examples include WO/2014/164667 reporting
that entacapone, a COMT inhibitor used in Parkinson’s disease,
inhibits Dengue and West Nile virus proteases; WO/2015/189650
claiming the antithrombotic clopidogrel for benign prostate
hyperplasia; claims for the X-ray contrast agents iopamidol and
iohexol for treating influenza (WO/2015/116861) and Ebola
virus (WO/2016/054658) infections; and the potential utility of
gamma secretase inhibitors, notorious for their efficacy failures
in Alzheimer’s disease clinical trials, for multiple myeloma and
leukemias (WO/2017/019496).

Many of these documents do not provide the reader with
the type and extent of data support that would be expected
from a peer-reviewed paper. But then full data sharing is not
their primary purpose (“just enough” is the rule, so that later
work is not preempted), and what they do disclose is sometimes
tantalizing.

STRATEGIES FOR REPOSITIONING
PATENT IDENTIFICATION AND ANALYSIS

There are few firm rules to define how the descriptive part
of a patent document has to be written. Even just to find
out if a given pharmaceutical patent has drug repositioning
content can seem difficult to the novice if the document uses
the legalistic and repetitive language that patent attorneys often
impose on its actual content — for good reasons, discussion of
which is beyond this article’s scope. However, with practice the
required information is relatively easily found, and the scientific
information extracted, using manual searches.

Algorithmic text mining of patent documents for information
relevant for drug repositioning remains an unmet challenge.
In principle, most approaches that have been developed for
mining the peer reviewed biomedical literature for this purpose
should also be applicable to patent documents, with relatively
few modifications. Integrated strategies that combine keyword
searches with genetic regulation and disease phenotypes (Jang
et al,, 2017; Sun et al, 2017) seem most promising. However,
efficacy and reliability of such approaches have never been
systematically evaluated.

Extracting chemical information that is presented as Markush
formulas is a much more complicated matter. Academic papers
use this mode of summarizing many related molecules sparingly,
by showing only their common core moiety and then inserting
placeholders for substituents or substructures, whose meaning
is verbally or graphically defined in the accompanying text.
In contrast, pharmaceutical patenting makes extensive use of
Markush structures, which at present cannot be algorithmically
parsed for known compounds that might be included in the
multitude of possibilities covered by the generic structural
formula. Interesting approaches to this challenge exist (Deng
et al,, 2011) but are rarely found in the biomedical literature.
They will need much more development before they can provide
more than assistance to the pharmacologist or medicinal chemist
who is interested in finding out if a particular new use for known
compounds is already patented, or who is searching for new
opportunities for a given molecule.

SUMMARY

Drug repositioning researchers are well advised not to ignore
what patent documents have to offer, even if their format
might be different, but doing so requires some experience.
Developing improved expert systems that assist researchers in
the identification and extraction of relevant information is an
important task that could eventually result in algorithms that can
run unattended. However, this needs not only programming but
also calibration and validation, which does not seem to have been
attempted yet. Systematic collections of drug repositioning patent
documents could provide a most valuable reference standard in
this context.
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Drug repositioning (DR) is the process of identifying new indications for existing drugs.
DR usually focuses on drugs that have cleared phase-| safety trials but has yet to show
efficacy for the intended indication. Therefore, DR can probably skip the preclinical and
phase-I study, which can reduce the cost throughout drug development. However, the
expensive phase-II/Ill trials are required to establish efficacy. The obstacles to DR include
identification of new indications with a high success rate in clinical studies, obtaining
funding for clinical studies, patent protection, and approval systems. To tackle these
obstacles, various approaches have been applied to DR worldwide. In this perspective,
we provide representative examples of DR and discuss the ongoing efforts to overcome
obstacles to DR in Japan.

Keywords: industry-sponsored clinical trial, investigator-initiated clinical trial, electronic health record, sharing
resources, computational drug repositioning

OBSTACLES TO DR IN JAPAN

Drug repositioning (DR), also known as “drug repurposing,” seeks to develop new indications for
existing drugs, to change the formulation, the dosage regimen, and the route of administration,
and to create new combinations of drugs directed at multiple therapeutic targets. At present,
the conventional de novo drug discovery process requires an average of about 14 years and
US$2.5 billion to approve and launch a drug (Nosengo, 2016). The average time and costs
to launch a drug de novo in Japan are 9.2 years and 55 billion yen, respectively (Yagi and
Okubo, 2010). For a preclinical and phase-I study, it takes 1.3 and 1.1 billion yen per drug,
respectively, in Japan (Yagi and Okubo, 2010). DR usually focuses on drugs that have cleared
phase-I safety trials but has yet to show efficacy for the intended indication. Therefore, DR
can probably skip the preclinical and phase-I study, thereby reducing the cost throughout
drug development. Some estimates suggest that DR requires an average of ~6.5 years and
~US$300 million to approve and launch a drug (Naylor et al., 2015). However, the cost for
a phase-III study remains expensive, and DR is not always a smooth and successful process
(Nosengo, 2016). Pharmaceutical companies must have a clear path to economic return to
justify the expense of a clinical trial for DR, considering the remaining patent life, new use
patents, or data exclusivity (Shineman et al., 2014). This creates an opportunity that foundations
and bioventures can help DR (Azvolinsky, 2017). Foundations can directly fund smaller proof-
of-concept clinical trials for DR, and positive results from such trials may encourage further
investment from government and/or industry to fund larger, multicenter trials. Bioventures
can provide various pipelines for DR, such as in silico and/or in vitro screening platforms to
identify DR candidates with a high success rate. Bioventures can also provide consultation on
intellectual property to differentiate the DR candidates from those already marketed. DR can be
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used to obtain patent protection of a class of drugs in an
unexpected indication as a method to block competitors from
taking advantage of the new finding (e.g., pipeline management
protection against competitors) (Mucke and Mucke, 2015).
Currently, ~10 patents related to DR are issued per month
(Mucke, 2017). In the United States and Europe, there are
many foundations and bioventures supporting DR, including
Cure Within Reach (Bloom, 2015), Biovista (Deftereos et al.,
2012), Insilico Medicine (Vanhaelen et al., 2017), and H.M.
Pharma Consultancy (Mucke and Mucke, 2015). The regulatory
frameworks in the US have also been changed to support
DR. The US Food and Drug Administration Section 505(b)(2)
permits the approval of applications for DR and permits
reliance for such approvals on the information from previous
studies about safety and/or effectiveness for an approved
drug product. Applicants have the possibility to submit a
505(b)(2) application for a previously approved drug product
(e.g., to support a new claim). These systems can significantly
reduce the cost and effort of clinical trials and stimulate DR
in various companies. In contrast, few bioventures support
DR in Japan. The Ministry of Health, Labour, and Welfare
(MHLW) and the Pharmaceuticals and Medical Devices Agency
(PMDA), the regulatory agencies responsible for reviewing
applications and approving the marketing authorization of drugs
in Japan, do not have regulations equivalent to Section 505(b)(2).
Much DR, however, has been successfully performed by both
pharmaceutical companies and academia. Between 2001 and
2010, the PMDA gave 463 updated approvals, of which >60%
were approvals for new indications of existing drugs (Hashitera
et al, 2013). In this perspective, we provide representative
examples of DR and the ongoing efforts to stimulate DR in
Japan.

Zonisamide

Zonisamide (1,2-benzisoxazole-3-methanesulfonamide) has
been developed and marketed in Japan as an anti-epileptic drug
by Sumitomo Dainippon Pharma (SDP) since 1989. Murata
colleagues used zonisamide to treat epilepsy in a patient with
Parkinson’s disease (PD) and serendipitously found that not
only epilepsy but also symptoms related to PD were improved.
They hypothesized that zonisamide could be repositioned for
the treatment of PD and subsequently performed investigator-
initiated clinical trials (IIT) in nine patients with PD (Murata
et al, 2001). Seven patients showed a clear improvement in
PD symptoms. Considering the positive finding, the patent
life-cycle management, and the market potential, SDP decided
to perform industry-sponsored clinical trials (IST) for the
repositioning of zonisamide for PD. Phase IIb/III clinical
trial were performed in 320 patients with PD, and patients
treated with zonisamide again showed an improvement in PD
symptoms. SDP then performed a phase III clinical trial on
133 patients with advanced PD, resulting in positive findings.
Although the mechanism of action of zonisamide in both
epilepsy and PD has not been fully elucidated, it may differ in
each condition because of the 10-fold difference in approval
therapeutic dose. The anti-epilepsy effect of zonisamide has
been related to the inhibition of voltage-dependent sodium

channels and T-type calcium channels (Holder and Wilfong,
2011). The anti-PD effect of zonisamide, however, may be related
to the inhibition of dopamine metabolism via inhibition of
monoamine oxidase-B (MAO-B), the stimulation of dopamine
release from striatum, and the blockade of T-type calcium
channels (Shahed and Jankovic, 2007; Sonsalla et al., 2010; Miwa
et al,, 2011). Based on these data, zonisamide was approved
in Japan as an anti-PD drug under the brand name Trerief®
in 2009. The price of Trerief® was determined by MHLW
according to the price of selegiline, another anti-PD drug.
This method of comparison based on similar efficacy means
that the price of Trerief® is significantly higher than that of
Excegran®, the brand name of zonisamide as an anti-epileptic
drug.

Rebamipide

Rebamipide, a quinolinone derivative, has been developed and
marketed in Japan for the treatment of peptic ulcer by Otsuka
Pharmaceutical (OP) since 1990. The pharmacodynamics of
rebamipide as anti-ulcer drug includes the stimulation of mucin
secretion from goblet cells, resulting in the protection of
gastric cells from various stimuli by coating the cell surface
with a mucinous layer. Mucins are also expressed on the
membranes of ocular surface epithelia and are secreted by
conjunctival goblet cells, and thus play a role in ocular lubrication
and defense. Reduced levels of mucins and changes in their
distribution and glycosylation have been reported in patients
with dry eye (Vickers and Gupta, 2015). However, therapies
for dry eye that functioned by increasing mucin secretion in
conjunctiva had not previously been developed. About 35%
of the global population is affected by dry eye and this
proportion is increasing, possibly as a result of lifestyle changes
such as frequent computer and visual display usage (Vickers
and Gupta, 2015). Considering the pharmacological effect of
rebamipide on mucin secretion from goblet cells and the
demanding need to develop novel therapies for dry eye, OP
decided to reposition rebamipide for the treatment of dry eye.
They demonstrated that rebamipide increased the production
of mucin-like substances in the cornea and conjunctiva of a
rabbit model of dry eye. They subsequently performed phase II
and III ISTs and successfully demonstrated that a rebamipide
ophthalmic suspension (unit dose 2%) improved both corneal
and conjunctival epithelial damage and associated symptoms.
Based on these studies, rebamipide was launched in Japan for the
treatment of dry eye in 2012 under the brand name Mucosta®
ophthalmic suspension UD2%. The price of this formulation
was set at 27 yen per 0.35 ml, based on the price of diquafosol
sodium (Diquas®), which was developed by Santen as a de
novo treatment for dry eye by increasing mucin secretion via
activation of P2Y2 receptors in corneal epithelium (Nakamura
et al, 2012). Diquas® has been approved as a drug for dry
eye since 2010 in Japan at a price of 641 yen per 5 ml,
1.6 times higher than that of Mucosta. A popular Japanese
television program has promoted both Mucosta® and Diquas®
as effective treatments for dry eye, and Mucosta® has also been
used to treat the condition in a well-known Japanese medical
comedy show. These advertisements can have a significant
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impact on the public and effectively increase the sales of these
drugs.

Carperitide

Carperitide, a recombinant human atrial natriuretic peptide
(ANP), has been used to prevent and/or treat cardiac failure.
Nojiri et al. (2012) administered carperitide to patients
undergoing lung cancer surgery to prevent post-surgical
cardiovascular complications, especially in patients with
cardiovascular disease risk factors. However, they serendipitously
found that carperitide significantly reduced the metastasis of lung
cancer after surgery. They studied the anti-cancer mechanism
of carperitide using a mouse model of cancer metastasis and
found that it inhibits cancer metastasis through suppression
of E-selection in vascular endothelial cells, which decreases
the attachment of cancer cells to vascular endothelial cells.
They subsequently performed a retrospective study of 467
patients who underwent lung cancer surgery and confirmed
that the survival ratio of patients treated with carperitide was
significantly higher than that of patients without carperitide
treatment. These studies strongly suggest that carperitide can
be used to prevent lung cancer metastasis and improve the
prognosis of patients with lung cancer (Nojiri et al, 2015).
However, the patent for carperitide has expired and many
generic ANP therapies are currently in clinical use, with the
result that pharmaceutical companies have avoided investing
in the repositioning of carperitide as an anti-cancer drug. After
prolonged negotiations, Nojiri et al. (2017) have formulated a
framework for an IIT that will be performed with the support
of Shionogi, a pharmaceutical company based in Japan. The IIT,
termed the JANP study, is currently recruiting patients.

Thalidomide

Thalidomide was initially developed as a sedative and later
repositioned to treat erythema nodosum leprosum and
multiple myeloma because of its anti-angiogenic and anti-
inflammatory effects. Kuwabara et al. (2008b) found that
polyneuropathy, organomegaly, endocrinopathy, M-protein, and
skin changes (POEMS) syndrome could be effectively treated
with a combination of intensive chemotherapy and autologous
peripheral blood cell-derived stem cell transplantation to
suppress the proliferation of monoclonal plasma cells. These
treatments, however, cannot be administered to patients
with multiple organ failure and/or older age. Kuwabara et al.
(2008a) hypothesized that thalidomide could be repositioned
for the treatment of POEMS syndrome as it inhibits cytokine
production and the proliferation of plasma cells. The authors
had previously initiated an IIT in 2006 without pharmaceutical
industry support and demonstrated a promising outcome in
nine POEMS patients treated with thalidomide, later used as
phase II data. Since 2010, Kuwabara et al. have performed
a phase II/III IIT, the J-POST study, with the support of
Fujimoto Pharmaceutical Corporation, the patent holder of
thalidomide for multiple myeloma in Japan (Misawa et al,
2016). The IIT demonstrated that thalidomide reduced serum
VEGF concentration and thus represents a novel treatment
for patients with POEMS (Misawa et al., 2016). Approval for

the use of thalidomide for this indication is pending from the
PMDA.

FUTURE DIRECTIONS

The examples of zonisamide and carperitide presented above
demonstrate that serendipitous findings by astute clinicians are
an important driver of DR and that the retrospective analysis
of clinical records can be used to confirm the validity of
these findings. Recent developments in electronic health records
(EHRs) have made it possible to identify novel effects of clinical
drugs in one EHR database and to validate these findings using
other EHR databases (Xu et al., 2015). EHR can also be used to
analyze similarity between diseases and between drugs without
a prior knowledge of those diseases and drugs (Paik et al,
2015). For example, a novel relationship between disease A
and B and drug X and Y can be identified using EHR. If a
known relationship exists between disease A and drug X, one
can hypothesize that there may also be a relationship between
disease B and drug Y. Therefore, the sharing of EHR data
between hospitals and of various clinical trial data in public
databases can represent a powerful approach to computational
DR. The PMDA is currently developing a public EHR database,
Medical Information Database NETwork (MID-NET) (Noguchi,
2015), to be launched in 2018. Data from clinical trials can also
be valuable resources for computational DR. Serious adverse
events (SAEs) can be identified from randomized clinical trials.
If a treatment arm has fewer predefined SAEs than the control
arm, it is plausible that the drug used for the treatment arm
is reducing the level of SAEs (Su and Sanger, 2017). Sharing
data from clinical trials can increase the success rate of DR.
The Study Data Tabulation Model (SDTM) from the Clinical
Data Interchange Standards Consortium (CDISC) is a standard
for creating a “data warehouse” for sharing the data from
clinical research across studies. The PMDA has begun to request
that the submission of data from clinical trials in accordance
with the guidelines of CDISC (Ando, 2016). Tools that can
generate SDTM data from clinical trials undertaken already
without using CDISC guidelines have also been developed in
Japan (Yamamoto et al, 2017). The PMDA and the Japan
Agency of Medical Research and Development (AMED) are
also developing the Clinical Innovation Network (CIN), a
collaboration scheme with national medical research centers and
industries, to share the clinical trials data between academia
and industry (Hori, 2016). These frameworks may promote DR
undertaken first by in silico analyses using big data, such as
EHR and clinical-trial data, and then validated in IIT and/or
IST.

High throughput screening of chemicals using in vitro and/or
in vivo systems has also strongly driven DR (Nishimura and
Hara, 2016; Imamura et al., 2017). The sharing of chemicals
among researchers with various assay systems can increase the
success rate of DR, as demonstrated by the success of projects
supported by the National Center for Advancing Translational
Sciences in the US (Azvolinsky, 2017). AMED has developed
the Drug-Discovery Innovation and Screening Consortium, from
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which over 200,000 chemicals provided by 20 pharmaceutical
companies are publicly available. Chemical libraries specialized in
DR have also been provided by pharmaceutical companies within
open innovation grants. These frameworks may promote DR
firstly performed by in vitro/vivo screening, and then evaluated
in an IST by the company holding the patent.

A machine-learning approach has also been popular in DR
(Napolitano et al, 2013; March-Vila et al., 2017). Various
algorithms of machine learning, including random forests (Cao
and Moult, 2014), deep neural networks (Aliper et al., 2016),
and deep adversarial networks (Kadurin et al., 2017), have been
applied to DR combined with various omics databases, such
as the Genome Wide Association Study Catalog (MacArthur
etal., 2017) and the Library of Integrated Network-based Cellular
Signature (LINCS) (Duan et al., 2014). These approaches have
also been carried out successfully in Japan. For example, Iwata
colleagues undertook an integrative approach using machine
learning combined with multiple big data, including LINCS,
Connectivity Map (Lamb et al., 2006), a Toxicogenomics Project-
Genomics Assisted Toxicity Evaluation System (Igarashi et al,
2015), ChEMBL (Gaulton et al., 2017), Kyoto Encyclopedia of
Genes and Genomes (Kotera et al., 2013), SuperTarget (Gunther
et al., 2008), and DrugBank (Law et al., 2014) and found novel
drug-protein-disease networks (Iwata et al., 2017). Asako and
Uesawa (2017) developed a machine-learning model to predict
agonists of the human estrogen receptor based on chemical
structures.

The regulatory system for approval can affect the stream
of DR significantly. A progressive approval system, in which
the drug can be approved following proof of safety (Loike
and Miller, 2017), may accelerate DR greatly, as suggested
for rare diseases (Dunoyer, 2012) and regenerative medicine
(Caplan and West, 2014). However, the risk of eliminating
phase-II and -III studies should also be considered carefully
(Loike and Miller, 2017). Conditional approval in Europe for
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