
www.mdpi.com/journal/biomedicines

Special Issue Reprint

The Molecular and Cellular 
Mechanisms of Inflammation 
and Tissue Regeneration 

Edited by 

Krisztina Nikovics



The Molecular and Cellular
Mechanisms of Inflammation and
Tissue Regeneration





The Molecular and Cellular
Mechanisms of Inflammation and
Tissue Regeneration

Editor

Krisztina Nikovics

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Krisztina Nikovics

Department of Platforms and

Technology Research, French

Armed Forces Biomedical

Research Institute,

Brétigny-sur-Orge, France

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Biomedicines (ISSN 2227-9059) (available at: http://www.mdpi.com).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7898-9 (Hbk)

ISBN 978-3-0365-7899-6 (PDF)

Cover image courtesy of Krisztina Nikovics.

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Anne-Laure Favier and Krisztina Nikovics

Molecular and Cellular Mechanisms of Inflammation and Tissue Regeneration
Reprinted from: Biomedicines 2023, 11, 1416, doi:10.3390/biomedicines11051416 . . . . . . . . . . 1

Marjorie Durand, Myriam Oger, Krisztina Nikovics, Julien Venant, Anne-Cecile Guillope,

Eugénie Jouve, et al.

Influence of the Immune Microenvironment Provided by Implanted Biomaterials on the
Biological Properties of Masquelet-Induced Membranes in Rats: Metakaolin as an Alternative
Spacer
Reprinted from: Biomedicines 2022, 10, 3017, doi:10.3390/biomedicines10123017 . . . . . . . . . . 7

Siyu Wu, Concepción Garcı́a-Rama, Lorenzo Romero-Ramı́rez, Johannes P. J. M. de Munter,

Erik Ch. Wolters, Boris W. Kramer and Jörg Mey

Tauroursodeoxycholic Acid Reduces Neuroinflammation but Does Not Support Long Term
Functional Recovery of Rats with Spinal Cord Injury
Reprinted from: Biomedicines 2022, 10, 1501, doi:10.3390/biomedicines10071501 . . . . . . . . . . 25

Kaja Elisabeth Nilsen, Astrid Skjesol, June Frengen Kojen, Terje Espevik, Jørgen Stenvik

and Maria Yurchenko

TIRAP/Mal Positively Regulates TLR8-Mediated Signaling via IRF5 in Human Cells
Reprinted from: Biomedicines 2022, 10, 1476, doi:10.3390/biomedicines10071476 . . . . . . . . . . 51

Samir Dekali, Alexandra Bourgois and Sabine François

Critical Review on Toxicological Mechanisms Triggered by Inhalation of Alumina
Nanoparticles on to the Lungs
Reprinted from: Biomedicines 2022, 10, 2664, doi:10.3390/biomedicines10102664 . . . . . . . . . . 73

Sabine François, Stanislas Mondot, Quentin Gerard, Rosalie Bel, Julie Knoertzer, Asma

Berriche, et al.

Long-Term Anxiety-like Behavior and Microbiota Changes Induced in Mice by Sublethal Doses
of Acute Sarin Surrogate Exposure
Reprinted from: Biomedicines 2022, 10, 1167, doi:10.3390/biomedicines10051167 . . . . . . . . . . 89

Ricardo Julián Cabezas Perez, Marco Fidel Ávila Rodrı́guez and Doris Haydee Rosero
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Anne-Laure Favier and Krisztina Nikovics *

Imagery Unit, Department of Platforms and Technology Research,
French Armed Forces Biomedical Research Institute, 91223 Bretigny sur Orge, France;
anne-laure.favier@intradef.gouv.fr
* Correspondence: krisztina.nikovics@def.gouv.fr; Tel.: +33-(0)17-8651-3331

Over the past 70 years, significant progress has been made in understanding the
molecular and cellular mechanisms of inflammation and tissue regeneration. This has
become most evident in the last 20 years when revolutionary techniques in biology have
exponentially increased the number of publications in the field. Following tissue damage
caused by infection, mechanical or toxic injury, or autoimmune diseases, the healing process
involves a series of highly regulated molecular and cellular processes that lead to the
restoration of tissue homeostasis. If any step in the regeneration process is dysfunctional,
chronic inflammation, tissue fibrosis or tumor formation can develop [1].

There are three overlapping steps in wound healing: (1) coagulation and inflammation,
then (2) the proliferation and formation of new tissue, and (3) finally the tissue remodel-
ing [2]. The initial phase of acute wound healing is the coagulation and the formation of a
temporary wound matrix. This phase begins immediately after the injury and is completed
within a few hours [3]. Inflammation is crucial to the clean-up-repair process. Early inhibi-
tion of inflammation can hinder regeneration processes [4]. Inflammation is associated with
the activation of the innate immune system. At the site of inflammation, neutrophils appear
first, followed by monocytes, which may differentiate into macrophages. The main function
of macrophages and immune cells is to remove cell debris and microorganisms. These cells,
in addition to the functions mentioned below, play an essential role in preparing the next
phase by coordinating cellular processes [5]. The second phase starts with the division of
the cells. This process allows damaged and lost structures to be replaced. Granulation
tissue formed by the extracellular matrix (ECM) and new blood vessels generated by angio-
genesis fills the lesion. This process takes 2–10 days [6]. In the final phase, the blood vessels
regress, the inflammation resolves, and the granulation tissue become functional tissue. In
this phase, the ECM transforms from a temporary ECM to a permanent collagen matrix.
This phase starts 2–3 weeks after injury and can last up to years if tissue regeneration is
inadequate [7].

The role of immune cells, in particular macrophages, in the inflammatory process
has long been known, but it has recently been discovered that these immune cells also
play an important role in the second and third stages of tissue regeneration [8–11]. They
are involved in the activation of stem/progenitor cells, the clearance of damaged tis-
sues, the remodeling of the extracellular matrix, and the promotion of angiogenesis [12].
Macrophages and molecular actors of tissue regeneration continuously produce solu-
ble mediators and extracellular vesicles that stimulate fibroblasts, immune cells, and
stem/progenitor cells [12–14]. Soluble mediators, together with extracellular vesicles
(which may contain various bioactive molecules such as nucleic acids, proteins, lipids, and
sugars), play an important role in cell-to-cell communication at all steps of regeneration
(Figure 1) [15,16].
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Figure 1. Molecular and cellular actors during tissue regeneration. Regeneration occurs after three
schematical steps: coagulation/inflammation, profiferation/angiogenesis and finally tissue remodeling.

Several interesting findings and overviews were shortly mentioned to illustrate molec-
ular and cellular actors involved in inflammation and tissue regeneration.

Rangarajan and co-workers (2022) reviewed the effects of different pro-resolving
mediators on atherosclerosis [17]. Atherosclerosis is a chronic inflammation that can last
for several years. The healing of this disease can be greatly facilitated by the presence
of various pro-resolving mediators such as resolvin, lipoxin, maresin, and protectin. The
study of the complex temporal and functional relationships of these molecules offers a new
approach to the treatment of tissue regeneration.

Durand and co-authors (2022) investigated the osteogenic effects of two different bio-
materials (metakaolin and polymethylmethacrylate) in the Masquelet-induced membrane
in a rat model animal [18]. They showed that the nature of the biomaterials influences
the immune microenvironment and macrophage responses, which strongly affects bone
regeneration. The more intense osteogenic effect of metakaolin was attributed to a higher
number of M1- and M2-like macrophages and to a more intense expression of transforming
growth factor-β (TGF-β) and bone morphogenetic protein-2 (BMP-2).

Spinal cord injury often causes paralysi and currently no therapy is available. Follow-
ing injury, nerve and glial cells die as a result of inflammation. In addition, activation of
microglial cells and infiltration of macrophages and lymphocyte cells can be observed in the
injured tissue. Wu and colleagues (2022) showed that the bile acid tauroursodeoxycholic
acid (TUDCA) was able to inhibit inflammation and promote the temporary recovery of
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motor function in rats [19]. Unfortunately, these positive effects are not noticeable in the
long term, so the authors do not recommend TUDCA for the treatment of spinal cord injury.

Toll-like receptor 8 (TLR8), localizes in the endosome, is able to bind to single-
stranded RNAs of viral and bacterial origin. In human monocytes and macrophages,
pro-inflammatory cytokines and type I interferons are secreted in response to the binding.
Nilsen and colleagues (2022) investigated this mechanism [20]. Their work showed that
the Toll-interleukin 1 receptor domain adaptor protein (TIRAP) played an important role
in regulation and was involved in signal transduction as an adaptor protein. This protein
promotes the translocation of a transcription factor, interferon regulatory factor 5 (IRF5),
into the nucleus and the production of IRF5-dependent cytokines.

Alumina nanoparticles (Al2O3 NPs) are one of the most frequently produced particles
in the world. Dekali and colleagues (2022) reviewed the current knowledge on the effects
of Al2O3 NPs on animal health [21]. Al2O3 NPs have been shown to significantly increase
the risk of inflammation, pulmonary fibrosis, reduced lung function, and increased risk of
lung cancer in the lung parenchyma of various animals. In contrast, in vitro studies on the
effects of Al2O3 NPs on lung cells have been rather controversial.

Recently, there has been renewed interest in analyzing the mechanism of action of
chemical warfare agents derived from organophosphorus materials. François and col-
leagues (2022) analyzed the long-term effects of 4′-nitrophenyl isopropyl methyl phospho-
nate (NIMP), a sarin surrogate [22]. The experimental mice received two sub-lethal doses
of NIMP and were studied for 6 months. Six months after exposure, inflammation of the
gut, anxiety-like behavior, and significant changes in leukocyte count was observed.

The development of inflammatory and tissue regeneration disorders is largely due
to an imbalance between reactive oxygen species (ROS) and endogenous antioxidants.
Perez and colleagues (2022) reviewed the relationship between the effects of antioxidants
on neuronal remyelination and muscle regeneration [23]. In summary, it was pointed
out that if the remyelination of damaged nerve cells is inadequate, the regeneration of
muscle cells will not be efficient. In addition, antioxidants have been shown to facilitate the
remyelination of nerve cells, which promotes muscle cell regeneration.

Hart and Nakamura (2022) reviewed the most important cell therapy methods for the
regeneration of damaged musculoskeletal tissue [24]. The cell therapies that have been
used over the past 30 years and have greatly improved the regeneration of musculoskeletal
tissues have been Platelet-rich Plasma (PRP) or mesenchymal stem cell (MSC) therapies.
Factors in the PRP or secreted by the MSC activate the regenerative capacity of endogenous
cells. To ensure optimal regeneration, the first step is to reduce inflammation and then
introduce properly activated cells into the damaged tissue. Cell therapy was less effective
when the cells were injected into the bloodstream, as the cells were probably not able to
reach the site of injury.

Failure of tissue regeneration can have serious clinical consequences, such as tumor
formation because proteins and cells involved in signaling mechanisms that are important
for healing are also involved in cancer metastasis. In their review, Lopez and colleagues
(2022) compared the relationship between wound healing and metastasis [2]. They have
underlined the role of oxidative stress in these processes. It is very important to reduce
oxidative stress, for example by limiting its production, using scavenger agents, and in-
creasing the antioxidant capacity of the cells. These treatments offer interesting therapeutic
options that can promote proper tissue regeneration and prevent metastasis.

In our laboratory, we have investigated a method to identify mRNA transcripts in
cryosections of undecalcified rat bone. In collaboration with the Institute of Plant Sciences of
Paris-Saclay (IPS2), in situ hybridization and hybridization chain reaction (in situ-HCR) was
adaptedto better understand gene expression in in situ bone tissue [25]. Our objective was
to study a section of a whole rat femur. The muscle significantly delayed the penetration of
the decalcifying solution (EDTA) into the bone, so paraffin embedding was not applicable.
We have developed an improved version of the CryoJane tape transfer system for making
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bone tissue sections. This technique was used to investigate the expression of different
genes in bone tissue by in situ-HCR.

As the phenotype of in vivo macrophages is still poorly understood, we used the
above techniques to identify in vivo macrophages in regenerating bone [26]. There is no
cell surface marker available to identify macrophage subtypes that can distinguish between
different subtypes. Another approach to determining macrophage subtypes is to identified
the patern of cytokines they express. However, since cytokines are usually secreted, im-
munostaining techniques are not suitable for detecting subtypes. We have shown that in
situ-HCR hybridization is one of the most suitable methods to detect cytokines in order to
characterize macrophage subtypes. This technique is based on the detection of messenger
RNA (mRNA) of targeted genes.

Understanding the mechanisms of inflammation and tissue regeneration is of great
scientific and clinical importance. However, the molecular and cellular mechanisms through
which they exert their effects are still largely unknown. The study of these processes is
essential for the development of therapeutic strategies aimed at tissue repair. We hope that
readers of this special issue of Biomedicines will enjoy reading the excellent papers of many
of the leading scientists in the field. We hope also that future generations of researchers will
be inspired by the topics published in this special issue to further improve our knowledges
in this field.

Author Contributions: K.N. and A.-L.F. wrote the editorial. All authors have read and agreed to the
published version of the manuscript.

Funding: Work was supported by the Délégation Générale de l’Armement (DGA) (PDH2-NRBC-4-
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Influence of the Immune Microenvironment Provided by
Implanted Biomaterials on the Biological Properties of
Masquelet-Induced Membranes in Rats: Metakaolin as an
Alternative Spacer

Marjorie Durand 1,*, Myriam Oger 2, Krisztina Nikovics 2, Julien Venant 1,3, Anne-Cecile Guillope 1,

Eugénie Jouve 1, Laure Barbier 4, Laurent Bégot 2, Florence Poirier 3, Catherine Rousseau 4, Olivier Pitois 5,

Laurent Mathieu 1,6, Anne-Laure Favier 2, Didier Lutomski 3 and Jean-Marc Collombet 1

1 Osteo-Articulary Biotherapy Unit, Department of Medical and Surgical Assistance to the Armed Forces,
French Armed Forces Biomedical Research Institute, 91223 Brétigny-sur-Orge, France

2 Imaging Unit, Department of Platforms and Technology Research, French Armed Forces Biomedical Research
Institute, 91223 Brétigny-sur-Orge, France

3 Tissue Engineering Research Unit-URIT, Sorbonne Paris Nord University, 93000 Bobigny, France
4 Molecular Biology Unit, Department of Platforms and Technology Research, French Armed Forces Biomedical

Research Institute, 91223 Brétigny-sur-Orge, France
5 Laboratoire Navier, Gustave Eiffel University, Ecole des Ponts ParisTech, CNRS, 77447 Marne-la-Vallée, France
6 Department of Surgery, Ecole du Val-de-Grace, French Military Health Service Academy, 1 Place Alphonse

Laveran, 75005 Paris, France
* Correspondence: durand.irba@orange.fr

Abstract: Macrophages play a key role in the inflammatory phase of wound repair and foreign body
reactions—two important processes in the Masquelet-induced membrane technique for extremity
reconstruction. The macrophage response depends largely on the nature of the biomaterials implanted.
However, little is known about the influence of the macrophage microenvironment on the osteogenic
properties of the induced membrane or subsequent bone regeneration. We used metakaolin, an
immunogenic material, as an alternative spacer to standard polymethylmethacrylate (PMMA) in
a Masquelet model in rats. Four weeks after implantation, the PMMA- and metakaolin-induced
membranes were harvested, and their osteogenic properties and macrophage microenvironments
were investigated by histology, immunohistochemistry, mass spectroscopy and gene expression
analysis. The metakaolin spacer induced membranes with higher levels of two potent pro-osteogenic
factors, transforming growth factor-β (TGF-β) and bone morphogenic protein-2 (BMP-2). These
alternative membranes thus had greater osteogenic activity, which was accompanied by a significant
expansion of the total macrophage population, including both the M1-like and M2-like subtypes.
Microcomputed tomographic analysis showed that metakaolin-induced membranes supported bone
regeneration more effectively than PMMA-induced membranes through better callus properties
(+58%), although this difference was not significant. This study provides the first evidence of the
influence of the immune microenvironment on the osteogenic properties of the induced membranes.

Keywords: Masquelet-induced membrane; macrophages; PMMA; metakaolin

1. Introduction

In the face of large bone defects, surgery is required to restore the shape and function
of the bone. The induced membrane technique (IMT), also known as the Masquelet
technique, is a widely used two-stage surgical procedure. This technique is unique in
preparing the bed graft by molding a polymethylmethacrylate (PMMA) spacer to fill the
bone defect [1]. The implantation of this spacer leads to the formation of an induced
membrane (IM)—granulation tissue surrounding the spacer. In the second step, the spacer

Biomedicines 2022, 10, 3017. https://doi.org/10.3390/biomedicines10123017 https://www.mdpi.com/journal/biomedicines
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is removed while preserving the integrity of the IM. A standard autologous bone graft is
then implanted into the IM cavity to repair the bone.

The IM, which acts as a biologically privileged membrane at the site of the defect, is the
key element in this procedure. Preclinical and clinical studies have highlighted the various
roles of the IM. It prevents graft resorption and muscle invasion of the defective bone by
acting as a barrier membrane. It also creates an osteogenic and osteoinductive environment
by secreting many growth factors and cytokines. These factors include bone morphogenic
protein-2 (BMP-2), interleukin-6 (IL-6), transforming growth factor-β (TGF-β), vascular
endothelial growth factor A (VEGF-A), von Willebrand factor (vWF) and metalloproteinase-
9 (MMP-9) [2–6]. The IM has also been shown to be highly vascularized and to serve as a
source of bone progenitor cells.

Biologically, the IM results from a foreign-body reaction (FBR). Upon implantation, all
biomaterials elicit a FBR, a natural immunoinflammatory process that isolates the implant
from the rest of the body in a collagenous capsule [7]. Macrophages are plastic cells that
play a key role in the FBR by orchestrating the inflammatory environment around the
implanted biomaterial. Indeed, macrophages can adopt diverse functional phenotypes
upon activation, ranging from M1 (pro-inflammatory) to the M2 (pro-healing) profiles.
Interestingly, macrophage activation depends on the shape and surface properties of the
biomaterial (chemistry, porosity, wettability, roughness and stiffness) [8].

We hypothesized that changing the chemical composition of the spacer generating
the IM in the Masquelet technique would modify the immune microenvironment in which
the FBR occurred, thereby altering the osteogenic properties of the IM and potentially en-
hancing bone regeneration. We tested this hypothesis by replacing the PMMA of standard
spacers with an alternative biomaterial, a metakaolin-based geopolymer (Davidovits) [9].
This polymer is synthesized by an alkaline activator solution’s reaction (geopolymerization)
with metakaolin particles. Chemically, metakaolin is a dehydroxylated form of the clay
mineral kaolinite, an aluminosilicate material. Aluminosilicates and their derivatives are
known to have immunostimulatory effects due to induction of macrophage activation [10].
Metakaolin was, therefore, chosen for this study based on its immunogenicity, and its
innocuity relative to other clay minerals, such as bentonite [11]. Wiemann et al. [12] recently
showed that the intratracheal instillation of kaolin in rats induced transient macrophage-
based hypercellularity in rat lungs, with no signs of inflammation or structural change in
the lung parenchyma, whereas bentonite instillation leads to a very intense lung inflam-
mation with changes to the structure of the lung epithelium. Metakaolin is listed in the
US Pharmacopeia, suggesting that its transfer into clinical practice might be facilitated
in terms of the requirements for medical device regulation. Kaolinite and its chemical
derivatives have been widely used in the pharmaceutical domain for decades as well-
characterized pharmaceutical excipients: diluents, binders, disintegrants, pelleting agents,
granulating agents, amorphizing agents, film-coating additives or even drug carriers [13,14].
They are also used as active pharmaceutical ingredients in hemostatic wound dressings,
dermatological protectors, gastrointestinal protectors and antidiarrheal agents.

We used a validated Masquelet model in rats to assess the osteogenic properties of
metakaolin-generated IM with histological and immunohistochemical methods. We first
analyzed the distribution of M1-like and M2-like macrophage populations within the IM.
Finally, we determined the impact of metakaolin spacers as an alternative to PMMA on
bone-healing outcomes.

2. Materials and Methods

2.1. Animals

Animal procedures were approved by the appropriate institutional animal care and
use committee (protocol 65 DEF_IGSSA_SP). Interventions were performed at an accredited
animal facility. Male Sprague Dawley rats (Charles River, France) were housed individually
in cages with controlled temperature and lighting conditions, and food and water supplied
ad libitum. The rats were eight weeks old (mean weight of 200 g) when they underwent the
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first surgical procedure. In cases of postoperative complications, such as deep infection or
bone fixation failure, the animals were excluded from the study and euthanized. Animals
were killed by the intraperitoneal injection of sodium pentobarbital (150 mg/kg) at the age
of 12 weeks (for IM analysis) or 22 weeks (for bone repair assessment).

2.2. Surgical Procedures

IMT surgery (steps 1 and 2) was performed as previously described [15]. The first
stage of surgery was performed under general anesthesia induced by the intraperitoneal ad-
ministration of a ketamine/medetomidine mixture (60 and 0.42 mg/kg, respectively). Rats
were placed in the prone position and an incision was made through the skin and muscle
to expose the right femur. A mini external fixator (RatExFix RISystem, Davos, Switzerland)
was screwed onto the anterolateral surface of the femur shaft, and a Gigli wire saw was
used to create a 6 mm segmental defect. The bone defect was filled with either hand-made
PMMA or metakaolin spacers (n = 5/group). Four weeks later, the animals underwent the
second stage of graft surgery or were killed for stage 1 membrane studies. This time point
was chosen based on the results of our previous model validation study [15]. For stage 2 of
the IMT surgery, rats (n = 5/group) were anesthetized with isoflurane (1.5 to 2% isoflurane
in 1 to 1.5 L of O2/min). An incision was carefully made in the membrane for spacer
removal. The defect was then filled with a morselized corticocancellous allograft harvested
from the distal femur of littermates killed on the same day. On three consecutive days after
each surgical procedure, the animals received subcutaneous injections of a cephalosporin
antibiotic (10 mg/kg enrofloxacin) and an opioid painkiller (0.05 mg/kg buprenorphine,
twice daily). Unprotected weight-bearing activity was allowed immediately after surgery.
The animals were weighed daily, and animal facility staff also evaluated their behavior, pain,
normal movements and the appearance of the wound every day. Radiographic follow-up
evaluations were performed every two weeks to check for incorrect spacer positioning and
implantation failure. The animals were killed after 10 weeks for bone-healing assessment.

2.3. Spacers

PMMA (Palacos R + G, Heraeus, Hanau, Germany) spacers were made by hand
under sterile conditions before surgery. They were macroscopically smooth and cylindrical.
Metakaolin spacers were prepared in advance, as follows. Activated metakaolin paste was
prepared by mixing sodium silicate (activating solution) with metakaolin particles. The
activating solution was prepared by mixing NaOH solution (mass concentration Cw = 0.35)
with a solution containing Na2O (Cw = 0.08) and SiO2 (Cw = 0.27) provided by MERCK
KGaA, and water. The metakaolin particles (Argical M 1200S) were provided by AGS
Minéraux (Clérac, France). The Brunauer, Emmett and Teller (BET) specific surface area of
these particles was 19 m2/g and their mass mean diameter was about 2 μm. The chemical
composition of the resulting paste was characterized by the following ratios: Si/Al = 1.71
(molar), Na2O/Al2O3 = 1.01 (molar) and solid/liquid = 1.50 (mass ratio). The paste was
poured into cylindrical PMMA molds, all of the same diameter (4 mm), but with three
different lengths: 5.5, 6 and 6.5 mm. The opening was covered and the molds were left at
room temperature for 48 h. Geopolymerization resulted in very slight shrinkage, facilitating
the removal of the metakaolin spacers from the molds. Prior to animal implantation, spacers
were exposed to steam sterilization accomplished in an autoclave (20 min, +121 ◦C).

2.4. Bone Turnover Assessment

Serum samples were used to assess bone turnover markers, both markers of formation
(procollagen-1 N terminal telopeptide or P1NP) synthesized by osteoblasts, and markers of
resorption (tartrate-resistant alkaline phosphatase C or TRAP-C) released by osteoclasts
during bone matrix remodeling. The levels of these markers were determined by ELISA.
For P1NP assessments, we used the Rat/Mouse PINP EIATM assay kit (ref. AC-33F1, IDS
Inc., El Segundo, CA, USA). The rat TRAPTM (TRAcP-5b) ELISA kit (ref SBTR102, IDS
Inc.) was used for TRAP-C assays. Duplicate determinations were performed for each
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sample, and the two results were then averaged. The P1NP/TRAP-C ratio was calculated
to express bone turnover four weeks after creating bone defects.

2.5. Histology

Membrane fragments were fixed in a 4% paraformaldehyde solution for embedding
in paraffin. Sections (5 μm) were cut and stained with hematoxylin-eosin-saffron (HES) or
prepared for BMP-2 immunostaining and CD68 CD206 immunofluorescence analysis. A
pathological histologist examined all HES-stained sections. All immuno-stained sections on
glass slides were digitized with a Nanozoomer S60 slide scanner (Hamamatsu) to quantify
whole-slide images. Scanning resolution at 20× magnification was 0.46 μm/px. Virtual
slide images were saved in 16-bit raw format for immunofluorescence analysis and RGB
TIFF format for sections with standard staining. All image processing was performed with
Fiji software [16]. To quantify IM cellularity, sections were stained with DAPI to visualize
the cell nuclei. A region of interest (ROI) was drawn manually to exclude muscle fibers
from the areas analyzed. The DAPI image was thresholded with the Triangle algorithm
to select the brightest objects. Each object was then isolated to segment clusters of nuclei
based on the local maxima of the initial image (with the segmented particles option). A
“logical and” was used between the first threshold and the segmented particles.

2.6. BMP-2 Immunostaining

We assessed the expression of BMP-2, a potent osteogenic growth factor, by per-
forming immunohistochemical analyses on paraffin-embedded IM sections, as previously
described [15]. The rabbit polyclonal antibody specific for BMP-2 (Bioworld 90141) was
used at a dilution of 1:200. The ready-to-use ImmPRESS HRP Anti-Rabbit IgG detec-
tion kit (Vector, MP-7451) was incubated with the slides for 30 min, and hematoxylin
counterstaining was then performed.

2.7. Real-Time PCR Analysis

Membrane tissues for molecular biology analysis were collected and stored in RNA
later® (Ambion, Austin, TX, USA). Samples were kept at +4 ◦C for 24 h and then stored
at –20 ◦C until homogenization in guanidium-based lysis buffer with a TissueLyser II (RLT
buffer, Qiagen, 20 Hz, 2 min, two 3 mm-carbide beads). According to the manufacturer’s
recommendations, total RNA was extracted with the Nucleospin RNA XS kit (Macherey
Nagel, France) but with an additional proteinase K digestion step (Qiagen, Les Ulis, France).
RNA was eluted in 15 μL of RNase-free water. The quantity and purity of the RNA were
determined with an Agilent TapeStation 4200 automated electrophoresis system, with RNA
screen tape and reagents (Agilent Technologies, Santa Clara, CA, USA), according to the
manufacturer’s instructions. The total RNA concentration of each sample was expressed in
nanograms per microliter. RNA quality was assessed by determining the RNA integrity
number (RIN) on a scale of 1 (completely degraded RNA) to 10 (intact RNA), as described
by Schroeder and collaborators [17]. The mean RIN value was 7.4 for the PMMA group
and 7.6 for the metakaolin group. A real-time PCR study was carried out as described in
the MIQE guidelines [18].

Based on the manufacturer’s instructions, the first-strand cDNA was generated by re-
verse transcription with the EuroScript reverse transcriptase on 400 ng total RNA (Eurogen-
tec #RT-RTCK-03, Seraing, Belgium). RNA integrity and reverse transcription yields were
confirmed with the 5′/3′ integrity assay and Rplp0 selected primers (supplementary data,
Table S1) [19]. Primers were designed and optimized with MacVector® 3.5 software (Accel-
rys, San Diego, CA, USA) to prevent dimerization, self-priming and melting temperature.
Primers binding to flanking introns were selected to exclude genomic DNA amplification
and were assessed for specificity to rats with the Blast nucleotide algorithm. Oligonu-
cleotide primers were synthesized by Eurogentec (Sereing, Belgium). Real-time qPCR
was performed with a LightCycler® 480 instrument (Roche Applied Science, Mannheim,
Germany) with SybrGreen I Mastermix (Roche Applied Science). Quantification of mRNA
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was measured using the comparative threshold method [20] with efficiency correction
estimated from a standard curve. The qPCR primers used for the three reference genes
(ribosomal protein lateral stalk subunit P0 (Rplp0), peptidylprolyl isomerase A (Ppia), hy-
poxanthine phosphoribosyltransferase 1 (Hprt)) and the five target genes (transforming
growth factor beta 2 (TGFβ2), interleukin-6 (IL-6), interleukin-1-beta (IL-1β), insulin-like
growth factor (IGF1) and vascular endothelial growth factor A (VEGF-A) are listed in
Supplemental Table S1, along with the optimized concentration and annealing tempera-
ture for each primer. Normalization was assessed with geNorm software. A geometric
mean for the three internally validated reference genes (Rplp0, Ppia and Hprt) was cal-
culated [21]. The pairwise variation of these three genes was 0.119, which is below the
threshold (0.15), requiring the inclusion of an additional normalization gene.

2.8. Immunofluorescence Assays and Macrophage Quantification

Immunofluorescence analysis was performed to study the phenotypic profiles of
the macrophages in the IM. “M1-like macrophages” were defined as CD68-positive cells,
whereas “M2-like macrophages” were defined as cells positive for both CD68 and CD206,
as previously described [22]. Cells negative for CD68 but positive for CD206 were defined
as muscle satellite cells [22,23].

Sections were permeabilized by incubation for 15 min with 0.5% Triton X100 (v/v)
buffered with PBS. Non-specific binding sites were blocked by incubation with Emerald An-
tibody Diluent (Sigma 936B-08) for 1 h. The sections were then incubated overnight at +4 ◦C
with the primary mouse anti-CD68 (BIO-RAD MCA341GA, Hercules, CA, USA) antibody
at a dilution of 1:100 and the primary rabbit anti-CD206 (Sigma HPA045134) antibody at
a dilution of 1:100. They were washed in PBS and incubated with an anti-rabbit green
fluorescent Alexa Fluor 488 (A-21206, Thermo Fisher Scientific) secondary antibody and an
anti-mouse red fluorescent Alexa Fluor 568 (A10037, Thermo Fisher Scientific) secondary
antibody, both at a dilution of 1:1000, for two hours at room temperature. Finally, sections
were washed in PBS for 20 min and mounted in Fluoroshield mounting medium with DAPI
(Abcam, Cambridge, UK, ab104139). Fluorescence was detected under an epifluorescence
microscope DM6000 (Leica, Wetzlar, Germany) equipped with monochrome and color
digital cameras. Macrophages were quantified on whole-slide images with FIJI software.
The M2-like cells displayed double labeling (green + red), whereas M1-like macrophages
displayed only red labeling. A “zone of influence” was defined around each nucleus, with
nuclei segmented for cellularity measurement as seeds. On Alexa Fluor 488-labeled images,
the Otsu method set a double threshold for the previously drawn ROI. On the Alexa Fluor
568-labeled images, an Otsu threshold was determined within the same ROI. A geodesic
reconstruction of the cells was performed with each type of immunofluorescence labeling
used as a seed and the “zone of influence” of the nuclei as a mask. These analyses yielded
the number of stained cells/total number of cells expressed as a percentage.

2.9. Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS)

Proteins secreted by IM fragments were identified by mass spectrometry. No label-
ing/tagging techniques were used in our LC-MS/MS study. Therefore, we could not
determine the abundance of the secreted proteins. Instead, we aimed to identify all the
secreted proteins and their molecular networks and compare protein secretion frequencies
between the two batches. The proteins secreted by IMs were purified by an organic solvent-
based protein precipitation method. Briefly, nine volumes of ice-cold acetone-methanol
(8:1) were added to one sample volume, and the resulting mixture was incubated overnight
at −20 ◦C. The samples were then centrifuged at 10,000× g for 30 min, and the protein
pellet was dissolved in 40 μL of 2X Laemmli buffer (Biorad).

Protein samples were briefly subjected to SDS-PAGE (8% acrylamide gel, 8 × 8 cm)
until the sample had completely penetrated the gel. Following in-gel fixation (ethanol
30% v/v, acetic acid 7% v/v) for 1 h and protein staining with Coomassie Brilliant Blue,
each band was excised manually and cut into small pieces with a scalpel. Gel pieces were
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dehydrated by incubation in 100 μL acetonitrile for 15 min and rehydrated by incubation
with 100 μL 25 mM NH4HCO3 for 10 min. This operation was repeated twice. After final
dehydration in 100 μL acetonitrile, gel pieces were covered with 100 μL 10 mM DTT in
25 mM NH4HCO3 and incubated at +56 ◦C for 45 min. The supernatant was removed,
and 100 μL of 55 mM iodoacetamide in 25 mM NH4HCO3 was added. The mixture was
left in the dark at room temperature for 30 min and the supernatant was then removed.
The gel pieces were covered with 100 μL 25 mM NH4HCO3 for 10 min and dehydrated
by incubation with 100 μL acetonitrile for 15 min. The volume of the dehydrated gel was
evaluated and three volumes of trypsin (12 ng/μL) in 25 mM NH4HCO3 (freshly diluted)
were added. The digestion was allowed to proceed at +35 ◦C overnight. Peptides were
finally extracted from the gel pieces by incubation in 60% acetonitrile/5% HCOOH for 1 h.
The supernatant was collected, the volume of each peptide sample was reduced to 15 μL,
and the peptides were analyzed by mass spectrometry.

Peptide samples were then analyzed with a QToF instrument (Xevo G2-XS QTof,
Waters, Milford, MA, USA) coupled to a nano liquid chromatography apparatus (ACQUITY
UPLC M-Class system, Waters) running with two buffers: 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B). We separated 3 μL of each sample on a C18 reverse-phase
column (NanoE MZ HSS C18 T3, 1.7 μ 75 μm × 100 mm, Waters), with a linear gradient of
5% to 85% buffer B over 120 min at a flow rate of 300 nL min−1. Peptide ions were analyzed
with Masslynx v4.1, with the following data-independent acquisition steps (DIA): MS scan
range: 50–2000 m/z, scan time 0.5 s, ramp collision energy from 15 to 40 V. Proteins were
identified with Progenesis QI for proteomics v3.0 (Waters) with the following parameters:
enzymatic cleavage by trypsin with two missed cleavages allowed, carbamidomethylation
for cysteine residues and potential oxidation for methionine residues. Only peptides with a
score of at least 5 were considered. The Uniprot KB database (www.expasy.org (accessed on
1 October 2019)) and a custom-built contaminant database (trypsin, keratin, etc.) were used.
The species of origin was restricted to the rat. The identified proteins were filtered to retain
only those with a minimum of three fragments per peptide and one peptide per protein.
Analysis was performed on n = 5 animals/group. A protein was considered differentially
secreted if its detection frequency in a group differed from that of the other group by at
least two animals.

2.10. MicroCT

Three-dimensional microcomputed tomography (μCT) was used to quantify bone
regeneration 10 weeks after stage 2 of the Masquelet technique. The rats were killed, and
the limb on which surgery was performed was collected, together with the surrounding
soft tissues, and fixed by incubation in 10% phosphate-buffered formalin for two weeks.
The area between the inner pins was scanned by microCT (Skyscan 1174, Bruker Micro-CT,
Billerica, MA, USA) with a voltage source of 50 keV, a current of 745 mA and an isotropic
resolution of 14.4 μm. Three-dimensional reconstruction was performed for all scans and
analyzed with the same parameter setup (NRecon v.1.6 and CTAn v.1.11 software, SkyScan,
Kontich, Belgium) to separate mineralized elements from the background, with the software
histogram tool used to determine grayscale level threshold values. As a dedicated external
fixator with a guide saw had been used to create the defect, it was possible to locate the
6 mm long defective region with precision (the distance between the two adjacent pins)
and to identify it as the region of interest. The following data were collected within the
region of interest: total defect volume (TV in mm3) and bone volume (BV in mm3) for the
calculation of the bone volume ratio (BV/TV, as a %).

2.11. Statistical Analysis

All results are reported as means ± standard error of the mean (SEM). The Shapiro-
Wilk test was used to determine whether the data followed a normal distribution. An F-test
was performed to verify the assumption of equal variances. Two-tailed Student’s t-tests
were used for comparisons if the data met both these requirements (normal distribution and
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equal variances). If one or both the assumptions were not met, the PMMA and metakaolin
groups were compared in non-parametric Mann–Whitney U-tests. Values of p < 0.05 were
considered significant in all tests. Statistical analyses were performed with GraphPad Prism
5 statistical software (GraphPad Software Inc, La Jolla, CA, USA).

3. Results

3.1. Animals and Blood Parameters at the End of IMT Stage 1

All rats tolerated surgical procedures well and gained weight steadily from day 4 after
stage 1 surgery onwards. Two animals (one PMMA and one metakaolin) were excluded
from the analysis due to infection-related fixator failure. Given the inflammatory potential
of the aluminosilicate present in metakaolin, we determined blood cell counts for the
animals to assess systemic inflammation at the time of death. White blood cell counts
and red blood cell parameters were similar between the PMMA and metakaolin groups
(Figure 1A). Serum P1NP and TRAP-C concentrations and ratios were similar in the two
groups, suggesting that bone remodeling activity four weeks after the creation of the bone
defect was similar in the PMMA and metakaolin groups (Figure 1B).

Figure 1. Panel (A) shows the hematological parameters of animals four weeks after spacer im-
plantation. Blood was collected into EDTA-containing tubes when the animals were killed, and
blood parameters were determined with an optical hematology analyzer (MS-9, Melet Schloesing)
with rat-specific analysis software. Panel (B) shows the serum levels of bone turnover markers, as
determined by ELISA, four weeks post-spacer implantation. Concentrations of a bone formation
marker P1NP (top) and a bone resorption marker TRAP-C (middle) were determined, and turnover
for bone remodeling was evaluated by calculating the P1NP/TRAP-C ratio (bottom).

3.2. Comparison of Biological Properties between Metakaolin- and PMMA-Induced Membranes
3.2.1. Membrane Architecture and Cellularity

We previously showed that bioactive IMs are organized as bilayered structures and
have a rich cellular network. Figure 2 illustrates typical sections of PMMA-induced
(Figure 2A) and metakaolin-induced (Figure 2B) membranes, with an inner layer in contact
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with the biomaterial, including fibroblasts, lymphocytes and macrophages. A thick outer
layer principally consists of fibroblasts with a dense vascular network in contact with
the muscle. The quantification of DAPI-stained nuclei showed cell density to be slightly
higher in metakaolin-IMs than in PMMA-IMs, although this difference was not statistically
significant (4553 ± 51 nuclei/mm2 in the PMMA group versus 5882 ± 695 nuclei/mm2 in
the metakaolin group, p = 0.15).

Figure 2. Representative hematoxylin-eosin-saffron-stained sections of (A) PMMA-IMs and (B) metakaolin-
IMs showing their histological organization. * Indicates the site of the spacer before its removal.
The right panel (C) illustrates the semi-automatic counting process of DAPI-stained nuclei and
the comparison of cell density (the mean number of nuclei per mm2 ± SEM) in PMMA-IMs and
metakaolin-IMs.

3.2.2. Gene Expression within Membranes

We compared the expression of key inflammation-related genes involved in wound
healing between PMMA-IMs and metakaolin-IMs. Real-time RT-PCR analysis (Figure 3)
showed that the relative levels of insulin-like growth factor-1 (IGF-1), vascular endothelial
growth factor (VEGF), interleukin-6 (IL-6) and interleukin-1-beta (IL-1β) expression was
similar in PMMA-IMs and metakaolin-IMs. However, in metakaolin-IMs, transforming
growth factor-β (TGF-β) mRNA levels were significantly upregulated (fold change = 2.74,
p = 0.016), potentially enhancing bone healing and regeneration.

3.2.3. Secretion of Proteins by the IM and BMP-2 Expression within Membranes

IMs form a biological chamber containing secreted angiogenic and osteogenic factors
around the bone defect. We, therefore, performed a descriptive mass spectrometric analysis
to compare the secretome profiles of PMMA-IMs and metakaolin-IMs. We detected a total of
688 proteins in both groups (Figure 4A), 683 (99.3%) of which were not differentially secreted
between PMMA-IMs and metakaolin-IMs (i.e., the frequency of secretion of these proteins
was similar in the two groups). In contrast, the secretion frequency differed between the
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two groups for five proteins (0.72%): four were more frequently secreted by metakaolin-IMs,
and one was more frequently secreted by PMMA-IMs. The four proteins more frequently
secreted by metakaolin-IMs were identified as cysteine- and glycine-rich protein 3, the
GON7 subunit of the KEOPS complex, carboxylic ester hydrolase and synaptogyrin. These
proteins are involved in various metabolic pathways, including myogenesis and apoptosis.
The protein most frequently secreted by PMMA-IMs was the neurotrophin tyrosine kinase
receptor 1 TrkA L0 variant, which is involved in the MAPK pathway.

βTgf-

βIl-1

Il-6

Vegf

Igf-1

Figure 3. Relative levels of Igf-1, Vegf, Il-6, Il-1β and Tgf-β mRNA in four-week-old PMMA-IMs or
metakaolin-IMs. Data are expressed as the mean ± SEM, * p < 0.05.

Figure 4. (A) Secretome profiles of PMMA-IMs and metakaolin-IMs. In total, 683 proteins with similar
frequencies of secretion in the PMMA and metakaolin groups were identified by mass spectrometry.
By contrast, five proteins were differentially secreted: four proteins were more frequently secreted by
the metakaolin-IMs, and the other was more frequently secreted by PMMA-IMs. (B) Representative
histological slide of in situ BMP-2 immunostaining in PMMA-IMs (left panel) and metakaolin-IMs
(right panel). The diagram shows the percentage of the area of the collected membranes positive for
BMP-2; * p < 0.05.

We also investigated the expression of the pro-osteogenic mediator BMP-2 within the
membranes by immunohistochemistry (Figure 4B). BMP-2-expressing cells were uniformly
distributed throughout the membranes, but BMP-2 staining was more intense in metakaolin-
IMs than in PMMA-IMs. Furthermore, the percentage of the membrane area positive for
BMP-2 was 1.9 times higher in metakaolin-IMs than in PMMA-IMs (25.25% ± 4.83% versus
48.41% ± 7.11%, p = 0.0.21).
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3.3. Macrophage Distribution in IMs

We characterized the macrophage populations in IMs by immunofluorescence analysis
to detect both CD68 and CD206, with CD68 used as a phenotypic marker of the M1-like sub-
type and CD68+/CD206+ double labeling as a marker of the M2-like subtype (Figure 5A).
CD68-/CD206+ cells were defined as satellite cells. Semi-automatic quantification revealed
that the total macrophage population was significantly larger in metakaolin-IMs than in
PMMA-IMs (25.77% ± 5.48% versus 48.11% ± 5.77%, p = 0.02; Figure 5B). This larger
total macrophage population reflected a significant expansion of the M1-like population
(20.01% ± 3.81% versus 36.30% ± 4.45%, p = 0.02) and a smaller, non-significant expansion
of the M2-like subtype (5.75% ± 2.40% versus 11.81% ± 1.72%, p = 0.07).

Figure 5. Identification and quantification of M1-like and M2-like macrophages in PMMA-IMs
and metakaolin-IMs: (A, top panel) Representative immunolabeling with anti-CD68 (red) and
anti-CD206 (green) antibodies and DAPI (blue) nuclear staining. (A, bottom panel) Illustration of
semi-automatic macrophage quantification. Green objects represent satellite cells, and red and yellow
objects correspond to M1-like and M2-like macrophages, respectively. Histograms show (B) the
% total (M1-like + M2-like) macrophages in IMs, (C) the % M1-like macrophages and (D) M2-like
macrophages. * p < 0.05.

3.4. Bone Healing after IMT Stage 2 Surgery

We compared the bone-healing properties of PMMA-IMs and metakaolin-IMs, by
performing a quantitative analysis of callus volume within the osteotomy region 10 weeks
after bone graft implantation in the IM cavities. We observed a small, non-significant
difference in new bone volume within the defect, with a slightly greater volume in the
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metakaolin group (16.65% ± 3.59% versus 26.37% ± 6.5%, p = 0.22, Figure 6A) than in the
PMMA group.

Figure 6. Bone formation was assessed by microCT. (A) The quantitative and comparative analysis
showed no difference in bone volume between the metakaolin and PMMA groups. (B) Representative
three-dimensional reconstructions of the region of interest in the two groups.

4. Discussion

In this study, we evaluated the use of a metakaolin spacer as an alternative to standard
PMMA spacers for the induced membrane technique. This technique is increasingly used in
orthopedic surgery to repair large bone defects in humans. We first analyzed the osteogenic,
biological and inflammatory properties of IMs in rat bone defects treated with metakaolin
or PMMA spacers. We then assessed bone repair efficiency in rats 10 weeks after the
implantation of a morselized corticocancellous allograft into the IM cavity generated by
the two types of spacers.

4.1. Metakaolin Modifies Several Osteogenic and Biological Parameters of IMs

IMs are well-organized bilayer encapsulation membranes resulting from a foreign body
reaction to the implanted spacer [15,24,25]. In a previous investigation, we demonstrated
the importance of both the cellularity and collagen density of IMs on their biological
properties in humans. Indeed, patients in which the Masquelet technique was unsuccessful
(absence of bone repair resulting in non-union) had IMs with 50% lower levels of cellularity
and a much higher collagen density (fibrosis-like status membrane) than those in which this
technique was successful [4]. Conversely, here, the replacement of the PMMA spacer with
a metakaolin spacer tended to increase IM cellularity (+30%). The IM acts as a biological
chamber, promoting bone graft vascularity and corticalization by the secretion of various
cytokines and growth factors [3,5,26–28]. Mass spectrometry showed that the metakaolin-
IM and PMMA-IM secretomes differed by only 0.72%, suggesting that the secreted protein
profiles of metakaolin-IMs and PMMA-IMs differed very little. Our mass spectrometry
proteomic analysis was purely descriptive. We did not, therefore, have precise data for
protein secretion levels. However, evidence from other molecular and protein analyses
suggests that the expression levels of several proteins are modified by metakaolin-IMs. We
observed a non-significant trend towards higher Igf-1, Il-6 and Il-1β transcript levels with
the metakaolin spacer. Fischer et al. [29] showed that serum Igf-1 levels were higher in
patients successfully treated with the IMT than in patients presenting treatment failure.

We found that Tgf-β transcript levels and BMP-2 protein levels were significantly
higher (2.7-fold and 1.9-fold increases, respectively) in metakaolin-IMs than in PMMA-IMs.
BMP-2 is undoubtedly the most osteoinductive growth factor, promoting the migration,
proliferation and osteoblastic differentiation of osteoprogenitor cells. TGF-β has dual
activity in bone remodeling activity [30], acting as a chemoattractant for osteoprogenitor
cells at bone lesion sites and stimulating bone formation (osteoprogenitor proliferation
and active osteoblastic differentiation; collagen synthesis) while inhibiting bone resorption
(inhibition of osteoclast proliferation and activity). Interestingly, BMP-2 and TGF-β belong
to the same growth factor superfamily. They bind to serine/tyrosine kinase receptors, and
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this interaction activates the SMAD intracellular signaling transduction pathway, which
is involved in various steps of the bone regeneration process during fracture healing [31].
Tang et al. [32] suggested that activation of the SMAD pathway by both BMP-2 and TGF-β
might underlie the osteogenic effects mediated by IMs. Taken together, the increase in IM
cellularity and higher levels of IGF-1, IL-6, IL-1β IM transcripts and BMP-2 protein are
consistent with the theory that the membranes induced by metakaolin are more osteogenic
than those induced by PMMA spacers.

4.2. Metakaolin Spacers Modulate the IM Immune Microenvironment

The nature of the spacer did not affect systemic inflammation, as estimated from
white blood cell counts in our animals. However, the increases in Igf-1, Il-6, Il-1β and
Tgf -β transcripts suggested that the metakaolin spacer modulated the local inflammatory
response. Macrophages are one of the most abundant sources of cytokines [33]. In this
context of biomaterial implantation in a bone lesion area, it is difficult to separate the local
inflammation process induced by the bone lesion from that triggered by biomaterial implan-
tation. Macrophages form a highly heterogeneous and plastic population of cells and are,
therefore, of particular interest in the IMT context due to their involvement in both wound
repair processes and the foreign body response [34,35]. After activation, tissue-resident
and monocyte-derived macrophages are recruited to the inflammation site. Depending
on local environment cues, they transiently gain and lose functions by undergoing major
phenotypic changes. A consensus has emerged concerning a sequential macrophage polar-
ization pattern in the bone-healing process [35–37]. Following the formation of the bone
lesion, there is a rapid, massive infiltration of monocytes and undifferentiated M0 subtype
macrophages at the fracture site. During the first few days after the injury, the polarization
of macrophages to the M1 “pro-inflammatory” phenotype is driven by secreted inflam-
matory and chemoattractant mediators, such as IL-6, IL-1β, IFN-γ, TNFα and monocyte
chemotactic protein 1 or MCP-1.

M1 macrophages remove the provisional fibrin matrix and necrotic cells by phagocy-
tosis. By secreting TNFα, IL-1β, IL-6 and MCP-1, they support inflammation by recruiting
additional immune cells, but they also initiate the recruitment of fibroblasts and osteopro-
genitor cells to the lesion site. Later in inflammation/repair kinetics, under the influence
of IL-4, IL-10 and IL-13 signaling, macrophage polarization switches to the M2 “anti-
inflammatory” phenotype. The secretion of VEGF, matrix metalloproteinases (MMPs),
BMP-2 and platelet-derived growth factor (PDGF) by M2 macrophages triggers both an-
giogenesis and bone tissue remodeling during the healing process [35,37]. Macrophages
are also crucial regulators of the FBR [38]. Following the implantation of biomaterials,
plasma components adsorb onto the surface of the material, promoting neutrophil inflam-
mation and macrophage recruitment. The macrophage-driven secretion of TGF-β around
the implant triggers the transdifferentiation of fibroblasts into myofibroblasts, thereby
promoting myofibroblast collagen production, leading to encapsulation of the biomaterial.
In addition, macrophages fuse to form foreign body giant cells (FBGCs). FBGCs are large
multinucleated cells secreting cathepsin-K and reactive oxygen species to degrade the
foreign body (in this case, the biomaterial).

Surprisingly, despite their key role in the FBR, little is known about the phenotypes of
macrophages in vivo during this reaction. Conflicting reports have been published [39],
probably because the characteristics of the biomaterial (including surface chemistry, poros-
ity, stiffness, etc.) directly affect macrophage phenotype. However, there is a general
consensus that both M1 and M2 macrophages are present throughout the FBR [40,41].
Moreover, higher levels of M2 macrophages than M1 macrophages surrounding implanted
biomaterials are associated with more constructive remodeling [42,43]. For example,
Zhu et al. [44] tested the capacity for orienting macrophage polarization of four scales
of honeycomb-like titanium structures with honeycomb diameters ranging from 90 nm
to 5 μm. Raw 264.7 macrophages cultured with the smoothest titanium structure had the
highest M2-macrophage polarization rate, with the highest levels of CD206 expression (a
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specific marker of M2 macrophages) and IL-4, IL-10 and BMP-2. In vivo, the implanta-
tion of titanium rods with 90 nm honeycombs in rat tibia gave the best results for bone
osteointegration [44]. Here, we compared macrophage polarization in IMs according to
the nature of the spacer implant. In metakaolin-IMs, we observed a significant expansion
of the total macrophage population. This observation is consistent with previous findings
indicating that aluminosilicates stimulate the immune response by inducing the activa-
tion of macrophages. The expansion of the macrophage population in metakaolin-IMs is
also consistent with the increase in key inflammation-related transcripts observed in the
same membranes. More specifically, even though the expansion of the M2-like population
was not significant (p = 0.07), both M1-like and M2-like macrophage subtypes increased
markedly in frequency in metakaolin-IMs. To our knowledge, this study is the first in an
IMT context to show a link between greater osteogenic properties of the induced membrane
and a spacer-driven modulation of the phenotype and number of macrophages. Further
studies are required to elucidate the mechanism underlying the balance between M1 and
M2 macrophages in the induced membrane.

4.3. Metakaolin Slightly Improves Bone Repair Efficiency

Given the more osteogenic properties of the metakaolin-IMs, better bone regeneration
was expected in this group. Unsurprisingly, we observed a trend towards better bone
healing, as shown by the 1.58-fold increase in BV/TV when a metakaolin spacer was
used to generate IM rather than a PMMA spacer. Other alternative biomaterials have
been tested for the creation of IM mimetics [45] or the induction of IMs with enhanced
osteogenic properties [46]. However, mixed results for bone repair outcomes have been
obtained for these alternative spacers. Indeed, after four weeks of maturation in rats,
smooth and rough titanium spacers generated thicker IMs than smooth and rough PMMA
spacers but with similar histological structures and biochemical expression parameters [47].
The only difference observed concerned IL-6 protein levels in the IM, which were about
35% higher with rough spacers (both PMMA and titanium spacers) than with smooth
spacers. Smooth PMMA spacers resulted in a more functional bone union than the other
PMMA and titanium spacers tested [47]. Unfortunately, the authors did not investigate
the immune microenvironment of the membranes, particularly the balance between M1
and M2 macrophages. Following on from the successful clinical use of polypropylene
syringes as alternative spacers to PMMA cement to treat metacarpal bone lesions [48], we
validated the potential of this biomaterial in a rat IMT model [15]. Polypropylene-induced
membranes had a similar histologic organization, cell density and BMP-2 protein level to
PMMA- IMs, and similar levels of serum bone turnover markers. In micro-CT analysis,
bone regeneration capacities were similar in the polypropylene and PMMA groups of
rats [15]. Our investigation highlights the value of polypropylene syringes as an alternative
to PMMA cement for use as spacers in a military practice context and/or in low-medical
resource environments. With a view to developing a modified IMT approach for efficient
one-step surgery, Ma et al. [49] evaluated the osteogenic properties of calcium sulfate
(CS)-induced membranes in rats. The histological characteristics of CS-IM and PMMA-IM
were similar, except that the calcium sulfate spacer induced thicker membranes. Levels
of the TGF-β1, BMP-2 and VEGF proteins were not significantly higher in CS-IMs at two,
four, six and eight weeks post-implantation, whereas IL-6 protein levels were significantly
higher in PMMA-IMs at two weeks post-implantation. Finally, CS-IMs promoted better
endochondral ossification at the edges of the bone defect than PMMA-IMs at six and
eight weeks post-implantation [49]. The authors concluded that calcium sulfate could
replace PMMA as an alternative spacer in IMT. The results obtained with the metakaolin
spacer in this study are equivalent to those obtained by Ma’s research team for the calcium
sulfate spacer.
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5. Limitations, Conclusions and Future Directions

This study is the first to date to investigate a correlation between local inflamma-
tion/the immune microenvironment of the IM and osteogenic properties by comparing
IMs generated with PMMA and metakaolin spacers in a preclinical rat model of IMT.
Metakaolin induced a membrane with slightly better osteogenic properties than the PMMA
spacer, improving bone-healing efficiency, albeit not significantly in our rat model. This
significant success in bone repair was accompanied by an expansion of the macrophage
population in the IM structure for both M1 and M2 subtype macrophages. This stronger
local inflammation process was sustained by local overexpression of the osteogenic BMP-2
protein and several inflammatory cytokines, including TGF-β, IL-1β and IL-6.

This study had several limitations. The number of rats included was relatively small,
which may have contributed to the high standard deviation in the RT-PCR analysis. Further-
more, our study included only male rats. Sex-specific differences in bone-healing outcomes
remain underinvestigated, but most studies in the field have suggested that being female is
a significant risk factor for compromised bone healing [50]. This influence of sex on fracture
healing may be related to the smaller numbers of mesenchymal stromal cells (MSCs) in
female bone marrow [51].

Given the presence of MSCs in the induced membrane [4], it would be desirable
to investigate sex-specific differences in bone-healing outcomes, particularly in the IMT
context. Another limitation of the study concerns the in situ characterization of polarized
macrophages using CD68 and CD206 immunofluorescence. The CD68 protein is one of
the most common monocyte/macrophage markers [52], whereas the CD206 protein is
mostly expressed by M2 macrophages [53]. The co-expression of CD68 and CD206 is
generally considered to indicate an M2-like phenotype. In this study, the expression of
CD68 alone was considered to indicate a M1-like macrophage phenotype. The use of a
single marker for identifying the M1-like population is questionable. Since a weak CD68
expression can be detected in some non-hematopoietic cells (mesenchymal stem cells,
fibroblast, endothelial and tumor cells) [54], we assumed that the M1-like population is
overestimated in our study. Indeed, the in situ detection of polarized macrophages is
technically challenging [22,55], and none of the other discriminating markers we tested
gave conclusive results. We acknowledged that the in situ CD68-based strategy for M1-like
cell detection can be regarded as a “by default” identification of this population. Although
there is no real direct evidence for the use of CD68 as a single marker for the M1-type
population characterization in rats, this labeling approach is commonly described in the
literature [22,56–58], thus providing robust indirect evidence to our conclusion.

In conclusion, metakaolin spacers would be a valuable biomaterial for replacing
PMMA spacers in the Masquelet technique. One particularly interesting clinical application
would be the healing of complicated bone defects. Indeed, this strategy would involve the
manufacture of 3D printing molds in the shape of the injured bone areas based on the CT
scans for the patients concerned. A metakaolin spacer could then be molded in a specific
cast to obtain the appropriate shape before implantation into the bone defect. Finally, given
the high absorbency of metakaolin, the metakaolin spacer could be impregnated with a
large panel of antibiotics to eradicate potential bone infections that might lead to a failure
of bone repair. Conversely, only heat-resistant antibiotics could be loaded onto PMMA
spacers due to the exothermic nature of the PMMA polymerization reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
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are indicated.
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Abstract: The bile acid tauroursodeoxycholic acid (TUDCA) reduces cell death under oxidative
stress and inflammation. Implants of bone marrow-derived stromal cells (bmSC) are currently under
investigation in clinical trials of spinal cord injury (SCI). Since cell death of injected bmSC limits the
efficacy of this treatment, the cytoprotective effect of TUDCA may enhance its benefit. We therefore
studied the therapeutic effect of TUDCA and its use as a combinatorial treatment with human bmSC
in a rat model of SCI. A spinal cord contusion injury was induced at thoracic level T9. Treatment
consisted of i.p. injections of TUDCA alone or in combination with one injection of human bmSC into
the cisterna magna. The recovery of motor functions was assessed during a surveillance period of six
weeks. Biochemical and histological analysis of spinal cord tissue confirmed the anti-inflammatory
activity of TUDCA. Treatment improved the recovery of autonomic bladder control and had a positive
effect on motor functions in the subacute phase, however, benefits were only transient, such that
no significant differences between vehicle and TUDCA-treated animals were observed 1–6 weeks
after the lesion. Combinatorial treatment with TUDCA and bmSC failed to have an additional effect
compared to treatment with bmSC only. Our data do not support the use of TUDCA as a treatment
of SCI.

Keywords: bile acid; spinal cord injury; bone marrow-derived stromal cells; rat; neuroinflammation

1. Introduction

Lesions of the spinal cord due to traumatic injury, tumors, or vascular ischemia
frequently cause paralysis and the loss of autonomic functions. No disease modifying
therapy for this pathology is currently available. The severe consequences of spinal cord
injury (SCI) are in a large part due to a secondary inflammatory reaction, which is borne
by local microglia cells, macrophages, and lymphocytes that infiltrate the lesion area. This
reaction, in conjunction with increasing vascular permeability, causes cell death of neurons
and glia cells [1]. For this reason, anti-inflammatory treatment is a therapeutic strategy
for SCI and has been used in the clinic [2]. Unfortunately, the approved treatment option,
methylprednisolone, is often ineffective and causes severe side effects such as a higher
incidence of sepsis, gastrointestinal hemorrhage, or pulmonary embolism [3]. Therefore,
new therapies for SCI are needed, and one of the most promising lines of research with
this aim consists of the application of stem cells [4–6]. We have recently tested the safety
and therapeutic benefits of human bone marrow-derived stromal cells (bmSC), which are
prepared solely by negative selection without expansion in vitro (Neuroplast BV, patent
WO2015/059300A1).
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In rat models of SCI, intrathecal infusion of these cells reduced chronic inflammation
and neural degeneration and provided a benefit on the functional level [7,8]. However,
as in most other studies [5], the beneficial effect was limited. In comparison with control
treatments, the recovery of sensory-motor function improved by 1.5 points (BBB scale) [9],
and even at nine weeks after SCI, most rats did not recover beyond BBB 9-11 [8]. One
reason for the limited effect of bmSC is that implanted cells die or are actively eliminated
in the acute phase. We reasoned that a combinatorial therapy of bmSC implantation with
additional cytoprotective measures would be advantageous to support the integration of
implanted bmSC.

A recent strategy of cytoprotection for neuropathologies is based on bile acids, which
have long been used in traditional Chinese medicine [10,11]. These are amphipathic
molecules synthesized from cholesterol. Their biological effects are mediated via the
Takeda G protein-coupled receptor-5 (TGR5) [12,13] as well as nuclear receptors farnesol X
receptor, pregnane receptor, and liver X receptors [14,15]. While bile acids play important
roles in lipid metabolism [16], they also have anti-inflammatory and cytoprotective effects
by suppressing NFκB signaling, which make them interesting candidates for the treatment
of neuropathologies [17,18]. One particular bile acid, tauroursodeoxycholic acid (TUDCA),
has been tested in animal models for Parkinson’s disease [19], multiple sclerosis [20], and a
clinical trial of amyotrophic lateral sclerosis [21]. In rodent models of SCI, TUDCA reduced
cellular apoptosis [22–26]. With rats, improvements on the functional level were observed
within the first 5 days after injury, i.e., in the subacute phase, but it is not clear whether
these treatments have a lasting effect after SCI.

Our objectives in the present study were (1) to assess the effects of TUDCA on neuro-
inflammation and astrogliosis after SCI, (2) to clarify the long term therapeutic effects of
TUDCA treatment on the recovery of sensory-motor function, and (3) to test whether a
combinatorial therapy of TUDCA and bmSC transplantation provides additional benefit.

2. Materials and Methods

2.1. Experimental Animals and Study Design

Experimental protocols, surgical procedures, and post-operational care were reviewed
by the ethics committee for animal care of the Hospital Nacional de Parapléjicos (163CEEA/
2017) and approved by the Consejería de Agricultura y Ganadería de Castilla-la Mancha (ref.
210498, following EU directive 2010/63/EU). We used male Wistar rats (Rattus norwegicus),
six to eight weeks of age, which had been bred in the animal facility of the hospital. Until the
day of surgery, animals were kept in pairs and, subsequently, in individual cages. Standard
housing conditions consisted of a 12 h light/dark cycle, 40–60% humidity, temperature of
22 ◦C with ad libitum access to food and water. A total of 75 animals entered the study
(Figure 1a; sample size calculation for BBB scores at 6 weeks based on α = 0.05, β = 0.2,
d = 3, SD = 2, attrition 10%). In addition, the spinal cords of non-injured rats were processed
for comparison of histological results. Since rats had the same sex, and a similar age and
body weight, no randomization was performed to allocate them in the study. The order of
treatment was mixed to ensure that all treatment groups were served throughout the entire
period when surgery was performed. Rats were excluded when the SCI was considered
invalid. Since the primary outcome of the study was sensory-motor function, the exclusion
criteria were a BBB score above 2 at 24 h after SCI or a force/time plot of the impactor
device that indicated that bone was hit.

2.2. Surgical Procedures and Postoperative Treatment

Spinal cord contusion injury and injections of bmSC were performed as described
previously [8]. In short, anesthesia consisted of 2.5% isoflurane/97.5% oxygen at 0.5 L/min
for SCI. For the injections of bmSC, we used one i.p. injection of ketamine 50 mg/kg
combined with xylacine 5 mg/kg. Fifteen minutes before surgery, rats received one s.c.
injection of buprenorfine 0.05 mg/kg to reduce pain. Corneal dehydration was prevented
with ophthalmic ointment (Lubrithal, Dechra, Barcelona, Spain). With ketamine anesthesia,
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0.04 mg/kg of atropin was given. Following laminectomy at thoracic level T9, a spinal cord
contusion of 2 N (200 Kdyn, zero dwell time) was inflicted with the Infinite Horizon (IH)
spinal cord impactor. We checked the procedure visually (hematoma) and by monitoring
the IH displacement/time and force/time plots. To normalize biochemical data at 4 days
post operation (dpo), a control group was operated on using the laminectomy procedure
without SCI. Immediately after surgery, all animals received 2 × 2.5 mL of isotonic saline s.c.
to prevent dehydration and antibiotic treatment with marbofloxacin 5 mg/kg (10 mg/mL
s.c. Marbocyl, Alcobendas, Spain). Surgery and behavioral assessments were performed
between 09:00 and 14:00.

The transplantation of bmSC was done 2 h after SCI. After the anesthetized animals
were positioned in a stereotactic frame, the atlanto-occipital membrane was exposed and
penetrated with a pointed scalpel blade. A catheter was then inserted and the cell sus-
pension was slowly infused with a syringe pump (100 μL/3 min) into the cisterna magna.
While a rat was being prepared by one researcher, a second person removed one batch of
bmSC from storage in liquid nitrogen, thawed and washed the cells with saline, and resus-
pended them in 110 μL of saline. From this, 10 μL was removed for cytometric counting
of cell numbers and determination of cell viability. On average, one injection of 100 μL
contained 2.6 million viable cells.

Postoperative care, including analgesic and antibiotic treatment, was done as previ-
ously described [8]. The bladders were checked and voided manually every 12 h until the
rats were urinating spontaneously. The volume of retained and manually expelled urine
per 12 h was recorded. Euthanasia at the end of the study was induced by an i.p. injection
of 100 mg/kg of sodium pentobarbital (Dolethal, Madrid, Spain).

2.3. Experimental Groups

Animals were assigned to seven experimental groups, six of which received the
same SCI but differed in the treatment procedure (Figure 1a). One group (sham) had
T9 laminectomy but underwent no contusion injury. Group SCI-control received two i.p.
injections of saline, the first immediately after SCI (t0) and the second 24 h later (1 dpo).
Group SCI-T200 was treated with two i.p. injections of TUDCA 100 mg/kg body weight at
t0 and 1 dpo. Group SCI-T600 had two i.p. injections of TUDCA 300 mg/kg at t0 and 1 dpo.
Group SCI-T1500 had five injections of TUDCA 300 mg/kg at t0, 1 dpo, 2 dpo, 4 d po, and
6 dpo. Group SCI-bmSC received human bmSC implants at t0 + 2 h. Group SCI-bmSC + T
had bmSC at t0 + 2 h and, in addition, two injections of TUDCA 100 mg/kg at t0 and 1 dpo.
During the following six weeks, the investigators who performed the behavioral evaluation
were blind with regard to the experimental condition of the individual animals. Nine rats
from each of the laminectomy (sham), SCI-control, and SCI-T600 groups were sacrificed
at 4 dpo for biochemical and histological analysis. Additional spinal cord sections from
non-injured rats were used for comparing histological data.

2.4. Preparation of bmSC

Human bmSC for SCI treatment were prepared by negative selection eliminating
erythrocytes with Ficoll density gradient centrifugation and, subsequently, B-cells (CD20),
T-cells (CD3), monocytes (CD14) and natural killer cells (CD56) using antibody-based cell
sorting with magnetic beads under GMP conditions. Cells were not expanded by cultivation
(Neuroplast BV, patent WO2015/059300A1, Geleen, The Netherlands). All procedures for
the collection of human bone marrow were approved by the ethics committee of Maastricht
University Medical Center (METC 13-2-032). The viability and cell type composition of each
batch were analyzed with flow cytometry (CD34, CD271, CD90, CD105, CD73). For the
present study, bmSC were prepared at the Neuroplast facility in Geleen, NL, cryoprotected
with DMSO, frozen in liquid nitrogen, shipped on dry ice to Toledo, Spain, and then stored
in liquid nitrogen until use. Cell viability (exclusion of 7-amino-actinomycin D, cytometry)
was again determined after thawing, i.e., immediately before application in vivo.
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Figure 1. Experimental plan. (a) Animals were pseudo-randomly assigned to the different treatment
groups. Functional analysis was carried out during a recovery period of six weeks after SCI with the
following treatment conditions: (1) two injections of saline at the time of surgery (t0) and 24 h later,
(2) two injections of 100 mg/kg TUDCA at t0, 24 h; (3) two injections of 300 mg/kg TUDCA at t0,
24 h; (4) five injections of 300 mg/kg TUDCA at t0, 24 h, 2 dpo, 4 dpo and 6 dpo; (5) one injection of
bmSC at t0 + 2 h; (6) combinatorial treatment with bmSC and two injections of 100 mg/kg TUDCA.
In addition, three treatment groups (laminectomy only, SCI-control, and SCI with 2 × 300 mg/kg
TUDCA) were evaluated at 4 dpo with biochemistry and IF. In histology at 6 W, spinal cord tissue
was also compared to tissue from non-lesioned rats. Two animals had to be excluded from the
study because open field evaluation at 1 dpo suggested an incomplete lesion (red arrows a: BBB = 7,
b: BBB = 8). (b,c) Changes in body weight following SCI: Animals in all treatment groups suffered
from weight loss during the first 4 dpo and subsequently recovered [means +/− SD; see text for
statistical evaluation].

2.5. Bile Acid Treatment

Tauroursodeoxycholic acid (Calbiochem CAS 14605-22-2, Millipore, Madrid, Spain)
was dissolved at 150 mg/mL in 0.9% saline immediately before the intraperitoneal injection
or stored for no longer than 24 h at 4 ◦C.
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2.6. Evaluation of Locomotor Functions

This was the primary outcome of the study. Recovery of limb movements was evalu-
ated in the open field using the Basso/Beattie/Bresnahan (BBB) locomotor function scale [9].
This was done before surgery (baseline), at 1 dpo, 2 dpo, 3 dpo, 4 dpo, 7 dpo, and subse-
quently once per week until six weeks after SCI. At the beginning, we established a criterion
of BBB ≤ 2 at 1 dpo for inclusion in the study because a higher score was considered to
indicate incomplete SCI. Scoring was performed independently by two investigators who
were blind with respect to the treatment of the individual animals. Following assessment,
both investigators discussed their evaluation, and in cases where different scores were
given, the average of both was recorded.

A second assessment was made using the Rotarod test (Ugo Basile SRL, Gemonio,
Italy). In this task, rats are positioned on a slowly rotating rod, which obliges them to
use their hind legs in order to keep their balance [27]. In six training sessions of 5 min
each, at three, two, and one days before SCI, all rats learned this task at a constant speed
of 5 rpm of the rotating rod. During tests, which were administered at 7 dpo and then
once per week, the rotation speed was accelerated from 5 rpm to 15 rpm over a period of
5 min. The readout in this assay was the time that the rats were able to stay on the rotating
rod before falling off (two repetitions, separated by a break of ≥15 min). At 4 dpo, we
confirmed that none of the SCI rats to be included in the study showed weight supported
steps. Considering the high variability of this assay, we applied an additional performance
assessment using the percentage of animals in each group that were able to maintain their
balance for more than 30 s at 6 W after SCI.

2.7. Von Frey Test of Mechanical Allodynia/Hyperalgesia

Tactile allodynia/hyperalgesia were evaluated using a dynamic plantar aesthesiometer
(von Frey test; Hugo Basile 37550, Gemonio, Italy). For each hind leg, a paw withdrawal
threshold (PWT) was determined up to a maximum force of 50 g. This was done five times,
with intervals of at least five minutes between tests. The lowest and highest values of
these readings were excluded, and then the mean was calculated as PWT. This test was
administered five weeks after SCI, when all animals were physically able to respond to
the stimulation. On the basis of measurements before the lesion, we considered a PWT of
below 20 g as an indication of neurogenic pain.

2.8. Quantification of Gene Expression

Animals for biochemical evaluation were sacrificed at 4 dpo with an overdose of
sodium pentobarbital. After opening the thoracic cavity, a blood sample of 1 mL was
taken from the heart, mixed with 100 μL 0.5 M EDTA to prevent coagulation, spun down,
and the supernatant frozen (samples not intended for this study). This was followed by
transcardial perfusion with phosphate buffered saline (PBS; 200 mL/rat), preparation of
the brains and spinal cords. Spinal cord samples consisted of a 2 cm segment with the
lesion site in the center. Tissues were homogenized mechanically with Trizol (Invitrogen,
15596018, Madrid, Spain) and the RNA extracted according to manufacturer’s instructions.
To remove genomic DNA, purified RNA was digested with DNase I (ThermoScientific,
EN0521, Madrid, Spain). An aliquot corresponding to 0.5 μg of purified RNA was used
for first-strand cDNA synthesis using Superscript III reverse transcriptase and oligo (dT)
primers in a final volume of 40 μL (Invitrogen Life Technologies, K1632). A real-time
quantification of cDNA was performed using a SYBR Green PCR assay. Each 15 μL SYBR
green reaction mixture consisted of 1 μL cDNA, 7.5 μL SYBR Green PCR-mix (2×), 0.75 μL
forward and reverse primers (10 pM) and 4.75 μL distilled water. PCR was performed
with 5 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 60 s at 60 ◦C and a separate
dissociation step for the melting curve. The specificity of the PCR product was confirmed by
ascertaining a single melting peak in the temperature dissociation plots. All samples were
run in triplicates and the level of expression of each gene was compared with the expression
of acidic ribosomal phosphoprotein P0 (36B4). Amplification, detection of specific gene
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products and quantitative analysis were performed using an ABI 7500 sequence detection
system (Applied Biosystems, Alcobendas, Spain). PCR efficiency was verified by dilution
series (1, 1/3, 1/9, 1/27, 1/81, and 1/243) and relative mRNA levels were calculated
using the comparative ΔCt method with normalization to 36B4. Gene identifiers, primer
sequences, product sizes, and melting temperatures are listed in Table 1.

Table 1. Primer sequences used in quantitative RT-PCR.

Gene
Gene ID
(NCBI

Reference)
Primer Sequences Product

Tm [◦C]
Product

Size [bp]

36B4 AC130745.3 sense: TTCCCACTGGCTGAAAAGGT
antisense: CGCAGCCGCAAATGC 60 60

IL-6 NM_012589 sense: TAGTCCTTCCTACCCCAATTTCC
antisense: TTGGTCCTTAGCCACTCCTTC 60 76

CCL-2 NM_031530 sense: TGCTGTCTCAGCCAGATGCAGTTA
antisense: TACAGCTTCTTTGGGACACCTGCT 64 131

Arg-1 NM_017134 sense: GCAGAGACCCAGAAGAATGGAAC
antisense: CGGAGTGTTGATGTCAGTGTGAGC 62 144

IL-
4Rα NM_133380 sense: GATCTTCTGAGCCCGGTTGA

antisense: CTCTCCGCTTGCTGCATT 59 59

IL-10 NM_012854 sense: GATGCCCCAGGCAGAGAA
antisense: CCCAGGGAATTCAAATGCT 61 57

CD11b NM_012711.1 sense: CTGCCTCAGGGATCCGTAAAG
antisense: CCTCTGCCTCAGGAATGACATC 60 150

CD31 NM_031591 sense: GAGGTATCGAATGGGCAGAA
antisense: GTGGAAGACCCGAGACTGAG 55 174

GFAP NM_017009 sense: TGGCCACCAGTAACATGCAA
antisense: CAGTTGGCGGCGATAGTCAT 60 134

CD20 NM_001107578 sense: TCTTGGGCATTCTGTCGGTG
antisense: TCTACAACACCGGCTGTCAC 60 70

CD3ζ NM_170789 sense: TCATACCCCAGCCCAGTTCT
antisense: CGGCTCTGGGGACTTTACAA 60 148

FoxP3 NM_001108250 sense: TCATCACTGGCTTTCTGCGT
antisense: GCTTTTAGCCTGAACCCCCT 60 95

TGR5 NM_177936 sense: AAAGGTGGCTACAAGTGCTTC
antisense: TTCAAGTCCAAGTCAGTGCTG 58 103

See list for abbreviations, all gene sequences are from rat.

2.9. Tissue Preparation and Histological Staining

At four days or six weeks after SCI, rats were sacrificed with an overdose of sodium
pentobarbital followed by transcardial perfusion with PBS and 4% paraformaldehyde/PBS
(PFA). The spinal cords were prepared, post-fixed for 1 h, then stored at 4 ◦C in PFA
for 1–3 days. For histological processing, 2 cm long spinal cord segments that included
the lesion site in the center were dissected, dehydrated, embedded in paraffin, and cut
in 3 μm parasagittal sections using a Leica RM2265 microtome. Sections were mounted
on polylysine-coated glass slides (Superfrost Plus, Fisher Scientific, Madrid, Spain) and
stored at room temperature (RT). Apoptotic cell nuclei were stained with terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) using the One-step fluorescence
TUNEL apoptosis kit (Elabscience, E-CK-A325, Houston TX, USA) according to the manu-
facturer’s protocol.

2.10. Immunofluorescence

For immunofluorescence (IF) staining, sections were rehydrated and incubated for
30 min at 90 ◦C (water bath) in 10 mM Na citrate/0.05% Tween 20, pH 6.0, for antigen
retrieval. Standard procedure included blocking for 30 min at room temperature (RT)
with 5% normal goat serum/0.05% Tween 20 in Tris-buffered saline (TBS-T), incubation
with primary antibodies for 12 h at 4 ◦C in a humidified chamber, and 1 h of incubation
with fluorescence-labeled secondary antibodies at RT. Nuclei were stained with 10 μg/mL
Hoechst-33342 for 15 min at RT. Sections were cover slipped with ImmuMount (Thermo-
scientific). The following primary antibodies were used in double staining experiments:
Polyclonal rabbit anti-GFAP (Sigma G9269; 1/500), polyclonal guinea pig anti-Iba1 (1/500;
Synaptic systems 234004, Göttingen, Germany), monoclonal mouse anti CD68 (1/250;
Serotec MCA341R1, Alcobendas, Spain). Secondary antibodies were labeled with fluores-
cent dyes: Goat anti-guinea pig IgG, Alexa-488 (Invitrogen A11073; 1/500), goat anti-rabbit
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IgG, TRITC (1/500; Sigma T5268, Madrid, Spain), goat anti-mouse IgG, Alexa-594 (In-
vitrogen A11005; 1/500), goat anti-mouse IgG, Alexa-488 (1/500; Jackson 115-545003,
Cambridge, UK).

2.11. Microscopy and Image Analysis

Immunohistochemical staining was evaluated using a Leica epifluorescence micro-
scope (20×, 40× objective). Exposure conditions were kept constant for quantitative
evaluation with GFAP, CD68, and Iba-1. Photographs were analyzed using Fuji Image-J,
applying the same brightness/contrast adjustments and threshold values for each marker.

The intensity of immunoreactivity was measured as integrated density in regions of
interest (ROI) in the ventral white matter at 8 mm distances anterior and posterior (ROI
0.3 mm2) and within the lesion center (ROI 0.075 mm2). Following background subtraction,
signal intensities were normalized to values found in spinal cord sections from sham-
operated rats (4 dpo) or rats without SCI (6 W survival). The number of CD68 positive cells
was counted in the same regions. For the evaluation of apoptosis, we counted cell nuclei
that were TUNEL positive and expressed the data as percentages of all nuclei in ROI of
1 mm2, which were located in ventral white matter at 4 mm anterior and posterior of the
lesion and in the lesion center.

A Sholl analysis was performed to quantify morphological changes of microglia cells.
Iba-1-stained sections from spinal cord gray matter were photographed at an 8 mm distance
from the site of injury (laminectomy or SCI +/− treatment) and visualized with Image-J.
From three rats per treatment group, 15 cells were randomly selected and eight concentric
rings superimposed over the cell nuclei (Fiji plugin concentric circles). The number of
intersections of cell processes with each ring was counted manually, excluding extensions
from neighboring cells.

2.12. Statistical Analysis

Unless stated otherwise in the figure legends, data are presented as mean values
± standard error of the mean (SEM). In box and whiskers plot data are shown with
median, first and third quartiles and complete range. Statistical analysis, performed with
GraphPad Prism software, consisted of one-factor or two-factor ANOVA, followed by
post-hoc Dunnett’s or Sidak’s multiple comparison tests. In graphical data representation,
statistical significance is indicated as follows: *, #: p < 0.05, **, ##: p < 0.01 and ***, ###:
p < 0.001. Normal distribution of data within groups was assessed with a Kolmogorov-
Smirnov test. Performance differences of treatment groups in von Frey and Rotarod tests
were assessed using confidence intervals of proportions based on binomial calculation.

3. Results

3.1. Effects of SCI, TUDCA, bmSC and TUDCA/bmSC Combinatorial Treatment on the General
Health Status and Body Weight of the Animals

The general health of the rats was not affected by either treatment with TUDCA alone
or in combination with human bmSC, and no adverse effects such as sickness behavior
or urinary infections were observed. Five weeks after SCI, two animals, one treated with
5 × 300 mg/mL TUDCA and one in the saline control group, had wounds on their flanks
due to biting and were treated topically with antibiotic ointment. During the first four
days following SCI surgery, the animals lost 9–11% of their weight, which they recovered
with a weight gain of 9.5% in the second week (W1–2), subsequently 8.2% (W2–3), 7.3%
(W3–4), 4.9% (W4–5), and 2.2% (W5–6). Changes in body weight over time were significant
[two-factor ANOVA; effect of time: F (8, 374) = 370, p < 0.001; treatment: F (5, 374) = 37,
p < 0.001], but post hoc tests showed no significant differences in weight loss or gain
between the control group and TUDCA-treated (Figure 1b) or bmSC-treated rats (Figure 1c).
Laminectomy without SCI caused an initial weight loss of 4%.
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3.2. Expression of TGR5 after SCI

In the rat brain, astrocytes and neurons are immunoreactive for the bile acid receptor
TGR5 [12]. We confirmed expression in the spinal cord with quantitative RT-PCR and found
the level of TGR5 mRNA at 0.6 ± 0.2 ‰ (mean ± SD, n = 5) compared to the ribosomal
gene 36B4, which was approximately the same as in the cerebral cortex (0.7 ± 0.2 ‰). It
did not change significantly after SCI with or without treatment.

3.3. Faster Recovery of Bladder Control with TUDCA Treatment

Normal micturition requires coordinated activation of the detrusor muscle of the
bladder and relaxation of the external urethral sphincter, which are controlled by spinal
and supraspinal centers [28]. Since these connections were affected by the spinal cord
contusion, the animals with SCI were unable to urinate spontaneously and needed manual
assistance with bladder voiding during the first days after surgery. Laminectomy alone
did not cause urinary retention. The volume of manually expelled urine was evaluated to
assess the recovery of bladder control (Figure 2). One positive effect of TUDCA treatment,
not reported before, was that recovery of this function occurred faster than in rats with
saline injection (Figure 2a). The total volume of urine retained during the post-acute period
was not significantly different between groups (Figure 2b), but the average duration of
compromised bladder control was shorter for animals treated with TUDCA (Figure 2c). The
recovery of the areflexive bladder in the group treated with additional bmSC was similar
to that of the group treated with TUDCA only. Eventually, however, all rats recovered
autonomic control of micturition.

3.4. Effect of TUDCA and bmSC Treatment on Allodynia/Hyperalgesia

Spinal cord injury can lead to neuropathic pain. This was assessed at five weeks after
SCI by determining the withdrawal threshold (PWT) to mechanical stimulation of the hind
paws using an automated von Frey test. Although we found no significant differences
between experimental groups (Figure 2d; ANOVA, F (6, 82) = 2.5, p < 0.05, put post-hoc
Dunnett’s test vs. SCI n.s. for all groups), the number of rats that had a PWT below 20 g,
which we considered indicative of allodynia or hyperalgesia, was higher after SCI than after
the laminectomy operation. This measure of pain sensitivity appeared to be worse with
high doses of TUDCA and lower with treatment of bmSC alone (Figure 2e), but variability
and group size do not permit a conclusive interpretation.

3.5. Effect of TUDCA and bmSC Treatment on Recovery of Sensory-Motor Functions

One day after SCI, the rats’ ability to use their hind legs was assessed in the open
field. The SCI caused paralysis, as indicated by no or only slight movement of joints.
Laminectomy without contusion resulted in temporary gait instability in some cases.
Two TUDCA-treated SCI animals, which presented a BBB score above 2 at 1 dpo, were
excluded from the analysis because we considered this an indication of a less severe
SCI rather than an effect of treatment (indicated in Figure 1a). With time after injury,
sensory-motor functions of the rats improved significantly, and different treatments were
effective [two-factor ANOVA, time after SCI: F (9, 470) = 121, p < 0.0001 (pre-SCI data not
included); treatment effect: F (5, 470) = 3.1, p < 0.01 (laminectomy group not included);
interaction: F (45, 470) = 0.7, n.s.]. During the first 4 dpo, the majority of treated animals
recovered the ability to move their hind legs. After treatment with 300 mg/kg TUDCA,
this recovery occurred faster, such that BBB scores were significantly higher at 2 and 4 dpo
compared to saline treatment (Figure 3a,b, subacute phase of these groups expanded in
c,d). Improvements after two injections of 100 mg/kg TUDCA were not distinguishable
from results after saline injections. Recovery of motor function improved further between
one and three weeks after lesion, when all rats showed plantar stepping and weight
support at least in stance but usually no coordination between fore and hind limbs (BBB
9–11). No improvement beyond this level was observed in the chronic phase (Figure 3a,b).
Combinatorial therapy with TUDCA and bmSC or bmSC alone achieved higher BBB scores
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at 1–6 weeks (ΔBBB 0.7–1.9 higher than SCI-control, ΔBBB 0.5–1.2 higher than SCI-T200;
p < 0.05), but there were no significant differences between treatment with bmSC and
combinatorial treatment. The experiment confirmed previous results with bmSC injection
only [8].

Figure 2. Autonomic functions and neuropathic pain. (a) Percentage of rats that required manual
bladder voiding each day in the post treatment period. Bladders were voided manually every 12 h.
(b) Average volume of retained urine per day and rat. Data shown here are for the SCI rats treated
with saline and with five injections of TUDCA (mean ± SEM). (c) Time after SCI that passed until
the animals no longer required manual voiding of the bladder [ANOVA, F (5, 43) = 2.7, p < 0.05;
post hoc Dunnett’s test vs. SCI control * p < 0.05]. (d) To assess neuropathic pain we measured
the PWT to mechanical stimulation (von Frey test; median ± 25–75 percentile, range; ANOVA n.s.).
(e) Percentage of rats that had a PWT of below 20 g, which was considered as an indication of
allodynia. Experimental groups are abbreviated as follows. SCI-control: two injections of saline;
SCI-T200: two injections of 100 mg/kg TUDCA at t0 and 24 h later; SCI-T600: two injections of
300 mg/kg TUDCA at t0, 24 h; SCI-T1500: five injections of 300 mg/kg TUDCA at t0, 24 h, 2 dpo,
4 dpo and 6 dpo; SCI-bmSC: one injection of bone marrow-derived stromal cells at t0 + 2 h; SCI-
T + bmSC: combinatorial treatment with bmSC and two injections of 100 mg/kg TUDCA; sham:
laminectomy only.
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In addition to the assessment in the open field, rats were subjected to the Rotarod
test, which measures their ability to maintain equilibrium on a rotating bar. Before SCI,
all rats had been trained to perform this task for at least 300 s, and at 4 dpo, none of the
animals that met the BBB inclusion criterion was able to do so. Spontaneous recovery
caused a significant increase in Rotarod score during the first four weeks in all animals
(Figure 4a,b). No further improvement occurred subsequently [ANOVA, effect of time
after SCI: F (3, 352) = 22.0, p < 0.001; treatment effect: F (5, 352) = 1.5, n.s., interaction:
F (15, 352) = 0.8, n.s.]. Some animals which showed weight supported plantar steps in
the open field refused to hold on to the bar. In the absence of an independent criterion
to distinguish between voluntary refusal and inability to perform the task, no data were
excluded from the evaluation, resulting in a high variability in this assay. An additional
assessment using the percentage of rats that at 6 W maintained themselves for longer
than 30 s on the Rotarod showed no improvement at all following TUDCA treatment but
revealed that more of the rats in the groups treated with bmSC or TUDCA + bmSC were
able to do this (Figure 4c). With eight animals per group, the statistical power did not
suffice for this effect to be significant.

3.6. Effect of TUDCA Treatment on Neuroinflammation

To a large degree, the devastating effects of SCI are due to the neuroinflammatory
response of microglia and blood-derived macrophages. Since TUDCA is known for its
anti-inflammatory effect on microglia, we confirmed this for our study by measuring the
expression of marker genes in the spinal cord at 4 dpo. This experiment was done for
the high dose of TUDCA. As in previous experiments, SCI caused mRNA upregulation
of the inflammatory cytokine IL-6 and chemokine CCL-2 in spinal cord extracts. This
appeared to be a local response and was not found in the cerebral cortex (Figure 5a,b).
Treatment with TUDCA significantly reduced the expression of these and other (Table S1)
inflammatory genes in the spinal cord. The lesion also caused alternative activation of
microglia/macrophages, which was demonstrated by a highly significant increase in
transcription of arginase-1 and IL-4R (Figure 5c,d). Contrary to our expectation, the bile
acid treatment also reduced this response, indicating that it did not promote differentiation
of an M2 phenotype. The cytokine IL-10 promotes alternative activation of macrophages
and is produced by a subpopulation of these cells. At 4 dpo, we found a significant
reduction of IL-10 transcripts in the spinal cord. This also occurred after TUDCA treatment
but, compared to the SCI-controls, was no longer significant (Figure 5e).

The inflammatory activation of microglia or macrophages was also reflected by the ex-
pression of the complement receptor 3A (integrin αM, CD11b), which increased 7-fold after
SCI. Similar to the other pro-inflammatory markers, its expression was significantly reduced
after treatment with TUDCA (Figure 6a). Platelet endothelial cell adhesion molecule-1
(CD31) is found on endothelial cells, macrophages, and various lymphocytes. Its expression
was detected in the control tissue, increased after SCI, and also was much reduced after
TUDCA treatment (Figure 6b). Activation of astrocytes in neuropathologies is associated
by an upregulation of the glial fibrillary acidic protein (GFAP). Transcripts of this gene,
which was highly expressed in the spinal cord, increased 4-fold after SCI, and the response
was inhibited by bile acid injections (Figure 6c). The validity of these effects on gene
regulation can be appreciated by comparison with marker genes of other cell types, such as
B lymphocytes (CD20; Figure 6d) and T lymphocytes (CD3ζ; Figure 6e). Indicators of these
cells did not significantly change at 4 dpo with or without TUDCA injections. A marker
gene of regulatory T-cells (FoxP3; Figure 6f) was expressed at a lower level after SCI and
not influenced by treatment.
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Figure 3. Recovery of motor functions after SCI assessed in the open field. Mean BBB scores were
monitored before surgery, daily during the first 4 dpo after surgery, and then once per week during
6 weeks of evaluation. (a) Results for SCI-control, treated with saline, and the TUDCA treated groups.
(b) Results for SCI-control and the SCI groups treated with bmSC and TUDCA + bmSC. (c,d) Changes
in the acute/subacute phase; effects of treatment with 2 × 300 mg/kg TUDCA or with bmSC were
significant at 2 dpo and/or 4 dpo [see main text for statistical evaluation; * (SCI-T600), + (SCI-T1500),
# (SCT-bmSC) indicate p < 0.05; error bars indicate SEM]. Recovery of motor function improved in all
treatment groups until a plateau was reached after three weeks; experimental groups are indicated as
for Figure 2.

The lesion-induced activation of microglia and astrocytes was confirmed by micro-
scopical inspection using double-staining IF for Iba-1, CD68, and GFAP (Figures 7 and 8).
As expected from previous experiments, SCI disrupted the blood spinal cord barrier, caused
an influx of hematogenous macrophages, and activated resident microglia and astrocytes.
At 4 dpo and 6 weeks, under all treatment conditions, the center of the lesion was filled
with cellular debris and Iba-1/CD68 positive cells. These made up 8.3 ± 1.1% of the cells
in the center of the lesion (ROI 0.075 mm2; Figure 7a–c). The majority of CD68 positive
cells were likely to be of hematogenous origin, and these were absent in the spinal cords
of animals that had received only the laminectomy. Already at 4 dpo, the lesion center
was devoid of neurons (NeuN IR) and astrocytes (GFAP IR). After TUDCA treatment,
5.7 ± 1.0% of the cells in this area were macrophages, as identified by morphology and
CD68 IR. With increasing distance from the lesion center, the number of CD68 positive cells
decreased such that at 8 mm posterior and anterior distances, only a few macrophages
were observed in the SCI animals. Therefore, distance to the lesion significantly affected
the strength of the CD68 signal, and a treatment effect was only significant at the central
location (see quantification below).
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Figure 4. Recovery of motor functions after SCI assessed with the Rotarod assay. At 4 dpo, we
confirmed that no SCI treated animals showed weight supported steps. Beginning at 7 dpo, some rats
in all groups showed gradual improvement. (a,b) Time that rats were able to keep their balance on the
rotating bar; mean +/− SEM, no significant differences between groups were detected. (c) Percentage
of rats that performed the Rotarod task for more than 30 s at 6 W after SCI (n = 7–8 rats/group).
Experimental groups are indicated as in Figure 2.
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Figure 5. Expression of marker genes of inflammation. At 4 dpo, RNA extracts from spinal cord
and cerebral cortex were analyzed with quantitative RT-PCR (treatment conditions abbreviated as
in Figure 2). (a) Gene expression of IL-6 [ANOVA, spinal cord: F (2, 12) = 71.6, p < 0.0001; cortex:
n.s.]; (b) CCL-2 [ANOVA, spinal cord: F (2, 12) = 8.9, p < 0.01; cortex: n.s.]; (c) arginase-1 [ANOVA,
F (2, 12) = 56.0, p < 0.0001], (d) IL-4Rα [ANOVA, F (2, 12) = 66.0, p < 0.0001], (e) IL-10 [ANOVA,
F (2, 12) = 18.7, p < 0.001]. Significant differences detected with post hoc Dunnett’s tests (p < 0.05,
p < 0.001, p < 0.001) are indicated with **, *** symbols for SCI vs. laminectomy and #, ### for SCI
vs. SCI-T600.

3.7. Effect of TUDCA Treatment on Glial Activation after SCI

Increasing the IR of GFAP (Figure 8a–c,g–i) and Iba-1 (Figure 8d–i) indicated activation
of astrocytes and microglia at 4 dpo. In the anterior and posterior of the SCI site, both
signals were stronger than in animals that had only received the laminectomy. Contusion
injury caused a 15-fold increase in Iba-1 IR in and close to the lesion center compared to
levels in sham-operated animals. After treatment with 2 × 300 mg/kg TUDCA, Iba-1 and
CD68 signals were significantly reduced in the lesion center (Figure 9a,b). Morphological
changes of GFAP positive cells around the lesion site indicated the activation of astrocytes at
4 dpo (Figure 8j,k). Quantification of the GFAP IR confirmed this observation for the white
matter posterior of the lesion center. Astrocyte activation was less pronounced (i.e., not
significantly different from laminectomy treatment) after bile acid treatment (Figure 9c).

At 6 W after SCI, Iba-1 IR was no longer as elevated as at 4 dpo but still 3- to 4-
fold higher than in non-lesioned tissue. No significant differences between TUDCA-,
bmSC- or TUDCA/bmSC-treated and saline-treated animals were observed in the chronic
phase (Figure 9d). At this time, a prominent glial scar had formed in all SCI animals.
Quantification of GFAP IR in this area (Figure 9e) confirmed a strong increase from the
acute to the chronic phase after SCI (note different scales of y-axis in panels Figure 9c,e).
The scar area appeared to be reduced by bile acid/bmSC treatment, but the differences in
GFAP intensity did not reach significance.

Responding to an inflammatory environment, microglia cells are known to respond
with a morphological transformation from a branched appearance to an ameboid shape.
We confirmed this using a Sholl analysis of Iba-1 IR cells in gray matter at an 8 mm distance
from the lesion center (Figure 10a–c). The morphological change associated with SCI was
highly significant. Microglia cells in SCI injured animals at 4 dpo had fewer branches
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than in rats with laminectomy. This change was less pronounced after TUDCA treatment
(p < 0.001), corroborating the hypothesis that the bile acid affected microglial activation.

Figure 6. Expression of marker genes of cell type activation. At 4 dpo, RNA extracts from the spinal
cord and cerebral cortex were analyzed with quantitative RT-PCR (treatment conditions abbreviated
as in Figure 2). (a) Gene expression of CD11b, marker of microglia and macrophage [ANOVA,
F (2, 12) = 46.3, p < 0.0001]; (b) CD31, endothelial cells, macrophages and lymphocytes [ANOVA,
F (2, 12) = 23.9, p < 0.0001]; (c) GFAP, astrocytes [ANOVA, F (2, 12) = 8.6, p < 0.01]; (d) CD20, B-cells
[ANOVA, F (2, 12) = 1.6, n.s.]; (e) CD3ζ, T-cells [ANOVA, F (2, 12) = 2.2, n.s.]; (f) FoxP3, regulatory
T-cells [ANOVA, F (2, 12) = 7.7, p < 0.01]. Significant differences detected with post hoc Dunnett’s
tests (p < 0.05, p < 0.001, p < 0.001) are indicated with **, *** symbols for SCI vs. laminectomy and ##,
### for SCI vs. SCI-T600.
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Figure 7. Activation of macrophages after SCI. (a–c) Confocal microscopy images show examples of
macrophages in the SCI lesion center at 4 dpo. All cells are IR for Iba-1 (a, green) and most also for
CD68 (b, red), shown in combination with nuclear staining (b,c, Hoechst 33342, blue). (d–f) CD68 IR
macrophages in the spinal cord after laminectomy (d, sham), SCI (e), and SCI 2 × 300 mg/kg TUDCA
treatment (f). Same magnifications are used in (a–c) and in (d–f) (scale bars in (c,f)).

3.8. Effect of TUDCA Treatment on SCI-Induced Apoptosis

Several groups reported that TUDCA treatment reduced cell death after SCI [22,24–26].
We found previously that the bmSC preparation used here was also cytoprotective [8]. To
allow comparison with these publications, we evaluated cellular apoptosis in the lesion
center and at 4 mm anterior and posterior to this position (Figure S1). Four days after
SCI, we found 11.3 ± 3.1% (mean ± SD) of the cell nuclei in the lesion area to be TUNEL
positive, whereas sham operated rats had only 0.40 ± 0.35% apoptosis in the white matter
at the respective position (p < 0.001). Treatment with two injections of 300 mg/kg TUDCA
significantly reduced TUNEL staining in the lesion area to 5.9 ± 4.2% (p < 0.05). In the
ventral white matter at positions anterior and posterior of the lesion center, we found a
slight, non-significant increase in the number of apoptotic cells at 4 dpo (control: 0.2 ± 0.3%,
SCI: 1.1 ± 0.7%), which was not affected by treatment (SCI-T600: 1.1 ± 0.3%). The analysis of
TUNEL staining in the chronic phase after SCI revealed continuing high levels of apoptosis
without (SCI: 7.6 ± 18.6%) and with TUDCA treatment (SCI-T600: 16.4 ± 17.1%), indicating
that bile acid injections had no lasting effect on cell survival (p > 0.1). In rats treated with
bmSC, the proportion of apoptotic cells at 6 W was lower (SCI-bmSC: 4.1 ± 7.8%, p < 0.05),
but there was no significant effect due to additional treatment with TUDCA (SCI-T + bmSC:
1.4 ± 1.0%, p < 0.05 vs. SCI; p > 0.1 vs. SCI-bmSC).
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Figure 8. Activation of microglia and astrocytes after SCI. The IF photographs show examples of grey
matter at 4 dpo and a distance of ca. 0.4 mm from the lesion center, which were double-stained for
astrocytes (GFAP; a–c) and microglia (Iba-1; d–f). Photographs were superimposed with additional
nuclear staining (Hoechst 33342; g–i). (a,d,g) Section from laminectomy-operated animal. (b,e,h) SCI
with saline injection; (c,f,i) SCI treated with two injections of TUDCA 300 mg/kg. (j,k) At 4 dpo
under all SCI treatment conditions, astrocytes showed increased GFAP IR but a glial scar had not yet
developed. Scale = 50 μm in (i) (for (a–i), 40× objective) and 100 μm in (j) (for (j,k), 20× objective).
Macrophages fill the lesion center.
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Figure 9. Activation of macrophages, microglia and astrocytes after SCI. Data from spinal cord
areas were normalized for IR in the anterior position of sham-operated animals and analyzed with
2-factor ANOVA followed by post hoc Sidak tests. (a) Quantification of Iba-1 IR (fluorescence
integrated density) at 4 dpo in white matter at 8 mm anterior, 8 mm posterior of the lesion site
and in the lesion center [2-factor ANOVA, location effect: F (2, 27) = 11.7, p < 0.01; treatment effect:
F (2, 27) = 29.9, p < 0.001; interaction: F (4, 27) = 3.2, p < 0.05]. (b) Quantification of CD68 IR at 4 dpo
in areas 8 mm anterior and posterior of the lesion site and in the lesion center [2-factor ANOVA,
location effect: F (2, 27) = 6.7, p < 0.01; treatment effect: F (2, 27) = 3.3, p = 0.05; interaction: p < 0.05;
data were normalized to SCI, lesion center, as almost no CD68 cells are found outside this area].
(c) Quantification of GFAP at 4 dpo in white matter at 8 mm anterior, 8 mm posterior of the lesion
site [location effect: F (1, 18) = 14.2, p < 0.01; treatment effect: F (2, 18) = 6.6, p < 0.01; interaction:
F (2, 18) = 3.4, n.s.]. (d) Quantification of Iba-1 IR at 6 W in white matter 8 mm anterior, posterior
and in the lesion center site [location effect: F (2, 98) = 5.9, p < 0.01; treatment effect: F (4, 98) = 5.4,
p < 0.001; interaction: F (8, 98) = 0.3, n.s.]. (e) Quantification of GFAP IR at 6 W in white matter
8 mm anterior and posterior of the lesion center and in the glial scar [location effect: F (2, 97) = 36.1,
p < 0.001; treatment effect: F (4, 97) = 4.1, p < 0.01; interaction: F (8, 97) = 2.5, p < 0.001]. Significant
differences detected with post hoc comparisons tests (p < 0.05, p < 0.001, p < 0.001) are indicated with
*, **, *** for SCI vs. control and # SCI vs. SCI-T600].
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Figure 10. Effect of SCI and TUDCA treatment on microglia morphology. (a–c) Examples of Iba-1
IR cells in the spinal cord gray matter at 8 mm distance from the injury site at 4 days after sham
operation (a), SCI control (b) and SCI with TUDCA treatment (c) are shown with superimposed
rings for Sholl analysis. (d) Number of intersections of cellular processes at 5 μm intervals from
the cell soma [two-factor ANOVA, distance from soma F (7, 335) = 78.6, p < 0.0001; treatment effect:
F (2, 335) = 107, p < 0.001; interaction: F (14, 335) = 12.9, p < 0.001, results of Bonferroni multiple
comparison tests are indicated with *** (p < 0.001) for sham vs. SCI-control and sham vs. SCI-T600
and with ## (p < 0.01) for SCI vs. SCI-T600]. All panels have the same magnification (scale bar in b).

4. Discussion

In the present study, we found short term but no lasting benefits of TUDCA treatment
on the recovery of bladder control and motor function after SCI in rats. Transcripts of the
bile acid receptor TGR5 were detected in the spinal cord at a similar level of expression as
in the brain. When combined with bmSC implants, TUDCA applications in the acute phase
did not provide additional therapeutic benefit. While we confirmed previously reported
anti-inflammatory and cytoprotective effects of TUDCA, our data indicate that the bile acid
also reduced expression of genes that are associated with the M2 phenotype. The spinal
cord contusion injury caused a transient loss of body weight in the rats, which was not
significantly affected by TUDCA- or bmSC-treatment.

4.1. Are Bile Acids Promising for the Treatment of SCI?

There is good evidence that bile acids, specifically TUDCA and the TGR5 ligand
INT777, modulate the activity of macrophages and microglia. Activation of TGR5 inhibits
NFκB signaling and subsequent expression of inflammatory genes [29,30]. In LPS-treated
microglia cells, bile acid treatment reduces nitrite production, expression of pyruvate
kinase M2, which can act as a transcription factor, and downstream genes, such as lactate
dehydrogenase [18]. Anti-inflammatory treatment is currently the only pharmacological
approach for SCI in patients.

So far, five studies have been published to test TUDCA in rat models of SCI. The
scientists used a weight drop device that caused a contusion similar to the present experi-
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ments [22–24,26] or a compression model, also at vertebral level T9, which was less severe
and only damaged the dorsal columns [31]. In these studies, motor recovery was monitored
during the subacute phase (5 dpo: [22,23,26]; 7 dpo: [31]; 10 dpo: [24]). To the extent that the
data are comparable, i.e., severe T9 contusion injury and evaluation using the BBB scale, our
present data confirm the reported outcomes. In addition, we found that TUDCA-treated
rats recovered the autonomic control of bladder function earlier than under control con-
ditions or after bmSC injection. However, our main conclusion is that TUDCA treatment
does not provide lasting benefits after SCI: Extending the previous studies, we investigated
effects in the chronic phase. In all rats, the improvement of motor function reached a limit
after 3–4 weeks, which did not significantly differ between treatment groups except for the
effect of additional bmSC treatment. High doses of TUDCA (5 × 300 mg/kg) were not more
effective than lower ones, an observation that was also made with mice, where one injection
of 100 mg/kg TUDCA gave better results than higher doses [25]. Another mouse study
has recently been published with even higher doses, using fourteen administrations of
200 mg/kg TUDCA per os [32]. Since the longest treatment regime that we used terminated
at 5 dpo, we do not rule out the possibility that continued application would extend the
cytoprotective effects into the chronic phase and have therapeutic benefits.

The results with mice are not directly comparable with our data as the histological
evaluation at 14 dpo demonstrated only minor effects of the SCI while motor scores were
lower (BBB = 5, control SCI) than in our experiments (BBB = 8.2, control SCI; the rat
scale was used in the mouse study as well). Behavioral evaluation was performed for
up to 14 days, when TUDCA-treated mice reached a motor score of 10. We do not know
whether recovery had reached a plateau or would have improved further in the following
weeks. It is certainly possible that the continued application of TUDCA extended the
beneficial effect into the chronic phase. Hou and colleagues also performed additional
experiments regarding the therapeutic mechanism. These showed that TUDCA was not
only neuroprotective but also improved axonal growth [32].

Most available data obtained with cell cultures indicates that TUDCA reduces inflam-
mation, production of reactive oxygen species and ER stress by binding TGR5, subsequent
cAMP synthesis and PKA activation [13,30,32]. Our rationale for the combinatorial therapy
of TUDCA with bmSC was that the moderating influence on macrophages may improve
survival of the stem cells. In a recent experiment we found a beneficial effect of bmSC
treatment compared to methylprednisolone but were not able to detect the implanted cells
later in the tissue [8]. The present experiments revealed no additional benefit of TUDCA
with stem cells compared to stem cells alone. While the inhibitory effect of TUDCA on the
release of inflammatory mediators was confirmed, there are more potent anti-inflammatory
drugs available, which also do not provide a satisfactory therapy of SCI [2,33]. Furthermore,
we found that TUDCA treatment rather decreased the alternative monocyte activation in
the tissue. It is questionable whether the transient improvement of motor recovery and
bladder function observed with TUDCA is meaningful from a clinical point of view.

Since application of 5 × 300 mg/kg TUDCA was associated with more weight gain,
but 2 × 100 mg/kg and 2 × 300 mg/kg with less weight gain than observed in SCI-controls
(post hoc tests n.s.), this parameter does not seem to be affected by treatment. Animals
injected with bmSC showed a similar rate of recovery as the controls. In a previous study
using the same type of bmSC, a stronger weight gain was observed with this treatment [8].
In those experiments, the bmSC-treated rats also suffered a more severe weight loss during
the first days after SCI, which may have contributed to the relative increase in body weight
thereafter. This was not the case in the present study.

4.2. How Does TUDCA Influence the Recovery of Urinary Function?

Autonomic dysfunctions, which have a large impact on the quality of life of SCI
patients, include impairments of bladder storage and emptying. Contraction of the bladder
is mediated by parasympathetic efferents from the sacral spinal cord via the pelvic nerve
to the detrusor muscle of the bladder. Relaxation of the external urethral sphincter is
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controlled by somatic innervation from sacral segments via the pudendal nerve. These
neural circuits are controlled by a coordination center in the reticular formation in the pons
and midbrain [34]. Its activity is required for the voiding reflex [35]. The thoracic SCI
employed in the present study disconnects the pontine from the sacral micturition centers,
and this may cause the rats’ inability to urinate spontaneously [36]. Additional sympathetic
innervation of the urethra originates in the lumbar segments of the spinal cord. These
are also posterior to the SCI and therefore separated from the supraspinal areas. While
in human SCI patients, neurogenic bladder dysfunction is generally irreversible [37], all
rats recovered their ability to urinate spontaneously. This, in our experience, is generally
observed even after the severe contusion injury (2 N) performed with the Infinite Horizon
impactor. In clinical terms, the transient depression of spinal reflexes caudal to a SCI has
been defined as “spinal shock”. Why these reflexes return is not completely understood [38].

Severed fibers in the spinal cord that connect with supraspinal centers are unlikely
to be restored during the first two weeks after surgery, when the rats recover the ability
to urinate spontaneously. Therefore, the most probable explanation for the functional
regeneration is that spared fibers in ventral white matter tracts are dysfunctional during the
subacute phase after SCI and recover from spinal shock in the subsequent days. Treatment
with TUDCA may accelerate tissue remodeling, e.g., by increasing the release of TGFβ [39].
It is also conceivable that plastic changes in the sacral micturition centers occur after the
descending innervation is lost. As some neurons express TGR5 [12,40], it is an intriguing
possibility that bile acids may affect neuronal plasticity. To our knowledge, this has not
been investigated so far. Finally, the observed benefit may have been a non-specific side
effect of the systemic anti-inflammatory activity of the TUDCA injections.

4.3. How Does TUDCA Affect the Inflammatory Phenotype after SCI?

Our data on gene expression of CD11b, GFAP, IL-6, and CCL-2 confirm the inhibitory
effect of TUDCA on inflammatory pathways. These qRT-PCR measurements at 4 dpo
included a spinal cord segment of 2 cm including and surrounding the lesion site. Our
histological evaluation of Iba-1 showed significantly lower IR near the lesion center, which
is in accordance with the gene expression data. Evaluation of CD68 IR, absent in the
non-injured tissue, also demonstrated an effect of bile acid treatment, indicating a lower
number of inflammatory macrophages in the lesion site. At a distance of 8 mm, CD68
positive cells were observed in some animals only, without significant differences between
groups. These data corroborate previous results where TUDCA reduced Iba-1 IR in the
hippocampus of LPS-treated mice [17].

In the context of neuro-inflammation, two phenotypes of macrophages and activated
microglia are frequently distinguished, referred to as M1 (pro-inflammatory) and M2 (anti-
inflammatory or alternative activation); [41]. The M2 state has been subdivided further to
accommodate differential patterns of gene expression. Experimentally, the M1 phenotype
may be defined as the outcome of stimulation with TNFα and IFNγ, the M2a phenotype as
the response to IL-4, and the M2c phenotype in response to IL-10 [42]. Based on the fact
that cAMP induces M2 associated genes of microglia [43] and on histological data with a
mouse model of systemic inflammation [17], we expected the TUDCA injections not only
to reduce inflammation in the spinal cord [31], but also to stimulate the differentiation of
the alternative phenotype of microglia. This was not the case. Rather, we observed at 4 dpo,
a significant reduction of two classical M2 markers (arginase-1, IL-4Rα) and no effect on
the third (IL-10). In cell culture experiments with microglia, bacterial lipopolysaccharides
(LPS) increased IL-4α and IL-10 expression. TUDCA did not change this significantly and
had no effect in the absence of LPS [17]. However, in the same study, in vivo injections of
TUDCA induced arginase-1 IR and IL-10 mRNA (but not IL-4Rα) in the hippocampus of
LPS-treated mice. Thus, the so-called “M2 phenotype” may not be a useful concept [44],
and it appears as if TGR5 activation has different effects depending on other prevailing
stimuli in the environment. At this point, we have no conclusive concept regarding the role
of bile acids or even TGR5 in microglia differentiation.
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Bile acids are also cytoprotective. This seems to involve signaling kinases of Akt and
PI3K [40,45] and may be independent of the inhibition of NFκB and inflammatory signals.
SCI studies with TUDCA showed a reduction of apoptosis [22,25,26,32], and our data with
TUNEL staining confirms it. Again, the absence of lasting effects on cell survival and motor
recovery suggests that the relevance of this for SCI is limited.

Despite this sobering assessment of our results, TGR5 may still be considered a target
in neuropathologies. Prolonged treatment with bile acids [32] is an option to be explored. In
rodents and primates, TUDCA is not a physiological, endogenous signal. It is conceivable
that other bile acids and synthetic TGR5 ligands [46,47] reduce apoptosis more potently
and elicit unknown benefits because cAMP, the second messenger of TGR5, is implicated in
multiple pro-regenerative pathways. Inhibitory signals for axonal growth may be overcome
by this mechanism [32]. Recently, oleanolic acid was successfully tested in a mouse model
of SCI [48]. Bile acid applications are being investigated in other neuropathologies [49].
Apart from TGR5 signaling, bile acids activate a variety of nuclear receptors [15,50], and
some of these are also promising targets in the context of SCI [51–54].

5. Conclusions

Treatment of SCI with the bile acid TUDCA reduces inflammation and improves
recovery of autonomic and motor functions in the subacute phase. No lasting therapeutic
benefits were observed in the chronic phase or in combinatorial treatment with bmSC.
Therefore, our data do not support the use of TUDCA as a treatment of SCI, at least when
this is done in the acute phase only. The efficacy of alternative agonists of the bile acid
receptors TGR5 and FXR should be investigated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines10071501/s1, Table S1: Effect of SCI and TUDCA treatment on the expression
of genes associated with microglial activation; Figure S1: SCI-induced apoptosis as shown with
TUNEL staining.
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Abbreviations

36B4 acidic ribosomal phosphoprotein P0

Akt
serine/threonine protein kinase encoded by the oncogene in retrovirus
isolated from stock A strain k mouse thymoma cell line (protein kinase B)

ANOVA analysis of variance

BBB
Basso/Beattie/Bresnahan locomotor rating scale for the assessment of hind
limb motor function in rats

bmSC bone marrow-derived stromal cells
CCL chemokine C-C motif ligand
CD cluster of differentiation
DMSO dimethyl sulfoxide
dpo days post operation
EDTA ehylenediaminetetraacetic acid
GFAP glial fibrillary acidic protein
GMP good manufacturing practice
Iba-1 ionized calcium-binding adapter molecule 1
IFN interferon
IF immunofluorescence
IgG immunoglobulin G
IH Infinite Horizon spinal cord impactor
IL interleukin
i.p. intraperitoneal
IR immunoreactivity
LPS lipopolysaccharide
NFκB nuclear factor kappa B
PBS phosphate buffered saline
PCR polymerase chain reaction
PFA paraformaldehyde
PI3K phosphoinositide 3-kinase
PKA serine-threonine protein kinase A family
PWT paw withdrawal threshold
ROI region of interest
RT room temperature
s.c. subcutaneous
SCI spinal cord injury
SEM standard error of the mean

T200, T600, T1500
treatment with TUDCA 2 × 100 mg/kg, 2 × 300 mg/k and
5 × 300 mg/kg respectively in the present study

TBS-T Tris-buffered saline/Tween 20
TGF transforming growth factor
TGR5 Takeda G protein-coupled receptor-5
TNF tumor necrosis factor
TRITC tetramethyl rhodamine iso-thiocyanate
TUDCA tauroursodeoxycholic acid
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
W weeks after SCI
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Abstract: Toll-like receptor 8 (TLR8) recognizes single-stranded RNA of viral and bacterial origin
as well as mediates the secretion of pro-inflammatory cytokines and type I interferons by human
monocytes and macrophages. TLR8, as other endosomal TLRs, utilizes the MyD88 adaptor protein for
initiation of signaling from endosomes. Here, we addressed the potential role of the Toll-interleukin 1
receptor domain-containing adaptor protein (TIRAP) in the regulation of TLR8 signaling in human
primary monocyte-derived macrophages (MDMs). To accomplish this, we performed TIRAP gene
silencing, followed by the stimulation of cells with synthetic ligands or live bacteria. Cytokine-gene
expression and secretion were analyzed by quantitative PCR or Bioplex assays, respectively, while
nuclear translocation of transcription factors was addressed by immunofluorescence and imaging,
as well as by cell fractionation and immunoblotting. Immunoprecipitation and Akt inhibitors were
also used to dissect the signaling mechanisms. Overall, we show that TIRAP is recruited to the TLR8
Myddosome signaling complex, where TIRAP contributes to Akt-kinase activation and the nuclear
translocation of interferon regulatory factor 5 (IRF5). Recruitment of TIRAP to the TLR8 signaling
complex promotes the expression and secretion of the IRF5-dependent cytokines IFNβ and IL-12p70
as well as, to a lesser degree, TNF. These findings reveal a new and unconventional role of TIRAP in
innate immune defense.

Keywords: TLR8; TIRAP; Akt; human macrophages; IRF5; Akt inhibitors

1. Introduction

Toll-like receptors (TLRs) are one of the most studied groups of pattern-recognition
receptors (PRRs), which recognize pathogen-associated molecular patterns and damage-
associated molecular patterns. TLRs provide protection against both external and internal
threats by initiating a pro-inflammatory response as well as activating and guiding the
adaptive immune system to mount effector responses that will eliminate and/or ameliorate
the problem [1]. Dysfunction or dysregulation of TLR responses can have dire consequences
for the host, such as increased susceptibility to infection or excessive life-threatening
inflammation. Thus, understanding how these receptors operate holds great potential for
guiding preventive measures as well as the development of better treatments and new drugs
for infectious and autoimmune diseases, cancer, and cardiovascular disease [2]. Through
the years, some TLRs have received more attention than others, often due to the availability
of easily accessible models and their convenience for study, but with technological and
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scientific advances, this gap is closing. TLR8 provides a classic example of a less-studied
TLR as it is non-functional in rodents and, thus, application of murine models/KOs is
limited [3].

TLR8 is expressed by several immune cells, in particular monocytes, macrophages,
myeloid dendritic cells, and neutrophils [4–7]. Localized at the endosomes, TLR8 recognizes
ribonuclease T2 degradation products of single-stranded RNA (ssRNA) of various origin:
viral, bacterial, protozoan, and (possibly human) endogenous RNA [5,8–12]. With this
repertoire of potential ligands, TLR8 might be relevant for the defense against a broad range
of infections, as well as for driving autoimmune diseases [3,6,11]. TLR8 ligand-binding
in the endosomal lumen induces conformational changes that result in the dimerization
of the cytosolic TIR domains. This allows myeloid differentiation primary response gene
88 (MyD88) to bind, followed by the recruitment of interleukin-1 receptor-associated kinase
4 (IRAK4) and interleukin-1 receptor-associated kinase 1 (IRAK1), resulting in the formation
of the active Myddosome complex. The signal is transduced via TNF-receptor-associated
factor 6 (TRAF6) and transforming growth-factor-β-activated kinase 1 (TAK1), which
activates downstream mitogen-activated protein kinase (MAPK) cascades and inhibitor
of nuclear-factor kappa B kinase subunit beta (IKKβ), culminating in the activation of
transcription factors such as nuclear-factor kappa B (NF-κB) and activator-protein 1 (AP-
1) [1]. In human primary macrophages, TLR8-activated TAK1 also signals via IKKβ to
induce the nuclear translocation of interferon regulatory factor 5 (IRF5), which is critical for
the expression of interferon β (IFNβ) and interleukin-12 subunit alpha (IL-12A) genes [13].

The phosphoinositide 3-kinase (PI3K)-Akt serine/threonine kinase pathway is well-
known to be involved in the regulation of metabolism and survival, and its dysregulation
is closely linked to tumor development [14]. It has also been implicated in regulating TLR-
mediated responses, although the reports are divergent, with evidence of both pro- and
anti-inflammatory effects [15]. Aksoy et al., found that in human monocyte-derived DCs,
PI3K negatively regulated the expression of IFNβ in TRIF-dependent signaling downstream
of TLR3 and TLR4 [16], whereas Guiducci et al., found PI3K–Akt necessary for nuclear
translocation of IRF7 and expression of TLR7 and TLR9-induced type I IFNs in human
plasmacytoid predendritic cells [17]. These studies highlight the importance of taking
cell-type specific differences into account when investigating the role of PI3K–Akt in
TLR signaling.

TLR2 and TLR4 require a Toll-internleukin-1-receptor (TIR) domain containing adaptor
protein/MyD88 adaptor-like (TIRAP) to attract MyD88 to the signaling complex. For some
time, the restricted role of TIRAP for these plasma-membrane-localized TLRs seemed
apparent, given the phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2)-binding motif in the
N-terminal domain of TIRAP, which attracts this adaptor protein to the plasma membrane
where PI(4,5)P2 is abundant [18,19]. However, Bonham et al., have shown that TIRAP
is also capable of binding other phosphoinositides, PI(3)P and PI(3,5)P2, on endosomal
membranes, and mediates signaling from endosomal TLR7 and TLR9 in murine cells [20].
Recently, some evidence of TIRAP involvement in signaling from TLR7 and TLR9 in human
cells was provided by Leszczynska et al., and Zyzak et al. [21,22]. In both studies, TIRAP is
suggested to regulate IFNβ expression by regulating ERK1/2 (MAPK3/MAPK1) activation.
Whether TIRAP could contribute to signaling from TLR8, the third member of the TLR7
subgroup of TLRs, has not yet been explored.

Here we show that TIRAP is regulating the expression and secretion of TLR8-induced
IFNβ and IL-12A cytokines in human primary monocytes and monocyte-derived macrophages
(MDMs). We propose that TIRAP is recruited to the activated Myddosome, from where it
connects to Akt activation, contributing to the nuclear translocation of IRF5 and subsequent
expression of IFNβ and IL-12A genes. In addition, TIRAP can enhance TLR8 signaling via
the TAK1-pathway, thus modulating the expression of other cytokines such as TNF.
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2. Materials and Methods

2.1. Cells and Reagents

Human buffy coats and serum were from the blood bank at St. Olavs Hospital
(Trondheim, Norway), with approval by the Regional Committee for Medical and Health
Research Ethics (REC) in Central Norway (no. 2009/2245). Primary human monocytes were
isolated from the buffy coat by adherence, as previously described [23]. Monocytes were
maintained in RPMI1640 (Sigma, Merck, Darmstadt, Germany), supplemented with 30% of
pooled human serum. MDMs (used in the TIRAP silencing experiments) were obtained
by differentiating cells for 12 days in RPMI1640 with 10% human serum and 20 ng/mL
rhM-CSF (#216-MC-025, R&D Systems, Minneapolis, MN, USA). Ultrapure K12 LPS from
E. coli, thiazoloquinoline compound CL075, and synthetic diacylated lipoprotein FSL-1
(Pam2CGDPKHPKSF) were from InvivoGen (San Diego, CA, USA). For stimulation of the
primary cells, LPS and FSL-1 were used at concentration 100 ng/mL, CL075—2 μg/mL.
IRAK4 inhibitor PF-06426779 (Merck, Darmstadt, Germany), selective allosteric pan-Akt
inhibitors MK-2206 (#1032350-13-2, Axon Medchem, Groningen, Netherlands), Miransertib)
and ATP-competitive pan-Akt inhibitor Capivasertib ((#1313881-70-7 and #1143532-39-1,
MedChemExpress, Sollentuna, Sweden) were diluted in DMSO at concentration 5 mM
and stored at −80 ◦C; working solutions were prepared in cell-culture media immediately
before use. Preparation of THP-1 TIRAP KO cells using LentiCRISPRv2 plasmid [24] is
described in supplementary materials and methods (available online).

2.2. Antibodies

The following primary antibodies were used: mouse GAPDH (ab9484), rabbit β-tubulin
(ab6046) from Abcam (Cambridge, UK); rabbit phospho-Akt Ser473 (D9E XP), phospho-p38
MAPK (T180/Y182), phospho-STAT1 (Tyr701) (58D6), phospho-TAK1 (T184/187) (90C7),
phospho-JNK (81E11) (T183/Y185), phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204),
IκBα (44D4), IRAK1 (D51G7), MyD88 (D80F5), Histone H3 (3H1), and phospho-NF-κB
p65 (Ser536) (93H1) from Cell Signaling Technology (Danvers, MA, USA); rabbit PCNA
Abs were from Santa Cruz Biotech (Santa Cruz, CA, USA); sheep IRF5 and IRAK4 were
from MRC-PPU Reagents (University of Dundee, Dundee, UK); goat TIRAP polyclonal
Abs were from Invitrogen (#PA5-18439, Waltham, MA, USA), and mouse STAT1 antibodies
were from BD Biosciences (#610185, Wokingham, UK). Secondary antibodies (HRP-linked)
were from DAKO Denmark A/S (Glostrup, Denmark).

2.3. siRNA Treatment

Oligos used for silencing were AllStars Negative Control siRNA (SI03650318) and
FlexiTube Hs_TIRAP_10 siRNA (SI03075135) (QIAGEN, Germantown, AR, USA). PBMCs
were seeded in 24-well plates (NUNC, ThermoFisher Scientific, Waltham, MA, USA),
1.5 × 106 cells per well, and differentiated to MDMs as described above. On day 7 and
day 9, cells were transfected by silencing and control oligo (20 nM final concentration)
using Lipofectamine 3000 (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA), as
suggested by the manufacturer. Cells were stimulated by LPS, CL075 or FSL-1, or used for
bacterial infections in 48 h after second transfection.

2.4. RT-qPCR

Total RNA was isolated from the cells using Qiazol reagent (QIAGEN, German-
town, AR, USA), and chloroform extraction was followed by purification on RNeasy
Mini columns with DNAse digestion step (QIAGEN). cDNA was prepared with a Max-
ima First Strand cDNA Synthesis Kit for a quantitative real-time polymerase-chain re-
action (RT-qPCR) (ThermoFisher Scientific, Waltham, MA, USA), in accordance with
the protocol of the manufacturer, from 400–600 ng of total RNA per sample. Q-PCR
was performed using the PerfeCTa qPCR FastMix (Quanta Biosciences, Gaithersburg,
MD, USA) in replicates and cycled in a StepOnePlus™ Real-Time PCR cycler (Ther-
moFisher Scientific, Waltham, MA, USA). The following TaqMan® Gene Expression Assays
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(Applied Biosystems®, ThermoFisher Scientific, Waltham, MA, USA) were used: IFNβ
(Hs01077958_s1), TNF (Hs00174128_m1), TBP (Hs00427620_m1), TIRAP (Hs00364644_m1),
IL-6 (Hs00985639_m1), IL-1β (Hs01555410_m1), IL-12A (Hs01073447_m1), and IL-12B
(Hs01011518_m1). The level of TBP mRNA was used for normalization and the results
presented as a relative expression compared to the control’s untreated sample. Relative
expression was calculated using Pfaffl’s mathematical model [25]. Graphs and statistical
analyses were made with GraphPad Prism v9.1.2 (Dotmatics, Bishops Stortford, UK), with
additional details provided in the figure legends and statistics paragraph (Section 2.11).

2.5. ELISA and BioPlex Assays

TNF level in supernatants of human macrophages was determined using human
TNF-alpha DuoSet ELISA (DY210-05) (R&D Systems, Minneapolis, MN, USA), IFNβ

level—using VeriKine-HSTM Human Interferon-Beta Serum ELISA Kit from PBL Assay
Science (Piscataway, NJ, USA). Other cytokines (IL-12p70, IL-6, MCP-1, IL-8) were analyzed
using BioPlex cytokine assays from Bio-Rad, in accordance with the instructions of the
manufacturer, using the Bio-Plex Pro™ Reagent Kit III and Bio-Plex™ 200 System (Bio-Rad,
Hercules, CA, USA).

2.6. Cell Fractionation

Stimulated human primary monocytes were detached by accutase treatment and
collected by centrifugation. Cell pellets were washed by once by PBS with 2% FCS. For
preparation of total lysate, a cell pellet from one of the wells per condition was collected and
lysed by RIPA lysis buffer (150 mM NaCl, 50 mM TrisHCl (pH7.5), 1% Triton X100, 5 mM
EDTA, protease inhibitors, phosphatase inhibitors). The remaining cells were resuspended
in Buffer A (50 mM NaCl, 10 mM HEPES pH = 8, 500 mM sucrose, 1 mM EDTA, 0.2%
Triton-X100), and the samples were vortexed and centrifuged (5000 rpm, 5 min, 4 ◦C).
Cytosolic fraction in the supernatant was transferred to clean tubes. Pellets with nuclei
were washed with Buffer B (50 mM NaCl, 10 mM HEPES (pH = 8), 25% glycerol, 0.1 mM
EDTA), and centrifuged, the supernatants were discarded, and the pellets were resuspended
in Buffer C (350 mM NaCl, 10 mM HEPES (pH = 8), 25% glycerol, 0.1 mM EDTA) with
added Benzonaze endonuclease (Merck) and incubated on ice for 30 min, followed by
centrifugation (15,000 rpm, 15 min, 4 ◦C) to extract nuclear proteins.

2.7. Western Blotting

Cell lysates for pSTAT1 analysis were prepared by simultaneous extraction of proteins
and total RNA using Qiazol reagent (QIAGEN, Germantown, AR, USA), as suggested
by the manufacturer. Extracted total RNA was used for RT-qPCR, while protein samples
were used for simultaneous analysis of protein expression/post-translational modifications.
Protein pellets were dissolved by heating the samples for 10 min at 95 ◦C in a buffer
containing 4 M urea, 1% SDS (Sigma, Merck, Darmstadt, Germany), and NuPAGE® LDS
Sample Buffer (4X) (Thermo Fisher Scientific, Waltham, MA, USA), with a final 25 mM DTT
in the samples. Otherwise, lysates were made using 1X RIPA lysis buffer. For traditional
Western blot analysis, we used pre-cast protein gels NuPAGE™ Novex™. Proteins were
transferred to iBlot Transfer Stacks by using the iBlot Gel Transfer Device (ThermoFisher
Scientific, Waltham, MA, USA). The blots were developed with the SuperSignal West
Femto (ThermoFisher Scientific) and visualized with the LI-COR ODYSSEY Fc Imaging
System (LI-COR Biotechnology, Lincoln, NE, USA). For densitometry analysis of the bands,
Odyssey Image Studio 5.2 software (LI-COR Biotechnology, Lincoln, NE, USA) was used,
and the relative numbers of bands’ intensity were normalized to the intensities of the
respective loading-control protein (GAPDH, or PCNA, or β-tubulin). Loading-control-
protein expression was always performed on the same membrane as the protein of interest.
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2.8. Immunoprecipitations

PBMC-derived monocytes for endogenous IPs were lysed using 1 X lysis buffer
(150 mM NaCl, 50 mM TrisHCl (pH 8.0), 1 mM EDTA, 1% NP40) and supplemented
with EDTA-free Complete Mini protease Inhibitor Cocktail Tablets as well as a PhosSTOP
phosphatase-inhibitor cocktail from Roche, with 50 mM NaF and 2 mM Na3VO3 (Sigma,
Merck, Darmstadt, Germany). Immunoprecipitations (IPs) were carried out on rotator
at +4 ◦C for 4 h by co-incubation of the lysates from the stimulated cells (400–500 μg of
protein/IP) with specific anti-TIRAP antibodies covalently coupled to Dynabeads (M-270
Epoxy, Thermo Fisher Scientific, Waltham, MA, USA), as suggested by the manufacturer,
followed by extensive washing of the beads in a lysis buffer. Co-precipitated complexes
were eluted by heating the samples in a 1× loading buffer (LDS, Invitrogen), without
reducing the reagent to minimize the antibodies’ leakage to the eluates. Eluates were
transferred to clean tubes, followed by the addition of DTT to the 40 mM concentration,
heating, and Western blot analysis.

2.9. Immunofluorescence and ScanˆR Analysis

Monocytes were isolated from PBMC using CD14 MicroBeads UltraPure (Miltenyi
Biotech) and seeded in 96-well glass-bottom plates (P96-1.5H-N, Cellvis, CA, USA) at 50 K
cells/well and in 24-well culture plates (250 K cells/well). Monocytes were differentiated
into MDMs and transfected two times with a TIRAP siRNA and AllStar siRNA control,
using the standardized protocol. MDMs were left untreated or stimulated with CL075
(Invivogen) at 2 μg/mL for 60 min, with four technical replicates per condition. Fixation,
immunostaining with anti-human IRF5 mAb (Abcam, #10T1) and anti-human p65 XP
mAb (Cell Signaling Technology, #8242, Danvers, MA, USA), and ScanˆR high-throughput
imaging (Olympus Europa SE & Co., Hamburg, Germany) were done, as previously
described in detail [13]. Quantification of IRF5 nuclear translocation was done with ScanˆR
analysis software (v2.8.1) and calculated as a percentage of the positively stained nuclei
multiplied by the mean fluorescence-intensity value (MFI) of the positively stained nuclei.
Silencing efficiency of the TIRAP gene for each donor (n = 6) was examined by RT-qPCR,
using the parallel 24-well plates.

2.10. Bacteria and Infection Experiments

Anonymized clinical isolates of GBS, S. aureus, and E. coli were from a diagnostic
collection by the Department of Medical Microbiology, St. Olavs Hospital, Trondheim,
Norway. For infection experiments, blood-agar colonies were picked and grown in Todd-
Hewitt Broth (GBS) or Tryptic Soy Broth (E. coli and S. aureus), with vigorous shaking at
37 ◦C overnight. The bacteria cultures were diluted to the desired density (CFU/mL),
based on OD600 measurements and calculations, as previously described in detail [26].
Cultures of MDMs in 24-well plates, with TIRAP siRNA or control siRNA pre-treatment,
were incubated with bacteria at 37 ◦C for 60 min, before the killing of all extracellular
bacteria with 100 μg/mL gentamicin. The MDM cultures were incubated further for a total
challenge time of four hours. Cell lysis and RNA purification was done with the RNeasy
96 Plus kit (QIAGEN), followed by cDNA synthesis with Maxima cDNA synthesis kit
(Thermo Fisher Scientific), and qPCR analysis of the cytokine expression.

2.11. Statistical Analysis

Data that were assumed to follow a log-normal distribution was log-transformed
prior to statistical analysis. RT-qPCR was log-transformed and analyzed by Repeated
Measurements Analysis of Variance (RM-ANOVA), or a mixed model if there was missing
data, followed by Holm-Šídák’s multiple comparisons post-test. ScanˆR data were log-
transformed and analyzed with a paired t-test (two-sided). ELISA data was analyzed using
a Wilcoxon matched-pairs signed-rank test. All graphs and analyses were generated with
GraphPad Prism v9.1.2 (Dotmatics, Bishops Stortford, UK).
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3. Results

3.1. TIRAP-Silencing Decreases TLR8-Mediated Cytokine Expression and Secretion in Human
Primary MDMs

Based on the reported links between endosomal TLRs and TIRAP expression [20–22],
we have questioned whether TIRAP could also be involved in the regulation of signaling
via TLR8 in human immune cells. To address this, we performed TIRAP silencing in human
primary MDMs prior to stimulation with the thiazoquinoline compound CL075, which
is a synthetic ligand specific for TLR8 in human monocytes and MDMs [27]. Analysis of
cytokine mRNA expression following TLR8 stimulation in TIRAP-silenced cells showed a
significant reduction in IFNβ and IL-12A mRNA expression, with the most significant effect
on IL-12A expression (Figure 1). Of the pro-inflammatory cytokines assessed following
TLR8 stimulation, TIRAP silencing only affected TNF mRNA expression, both at two hours
and four hours (Figure 1). TLR2 and TLR4 stimulation was conducted in parallel, since
TIRAP is an important bridging adaptor for these TLRs [18,28]. Indeed, TIRAP silencing led
to decreased TNF, IL-6, IL-1β, IL-12A, and IL-12B mRNA expression following TLR2 and
TLR4 stimulation (Figure S1a,b). TLR2 did not induce IFNβ mRNA expression or secretion
in human MDMs, in agreement with earlier studies [29]. Notably, in the case of TLR2
and TLR4 stimulation, we have not observed a significant effect on the early induction
of pro-inflammatory cytokines (Figure S1a,b), which could be due to the still-sufficient
amount of residual TIRAP protein for the initiation of signaling, despite a marked decrease
in TIRAP-protein expression in silenced MDMs (Figure S1c).

Figure 1. TIRAP silencing in primary human MDMs significantly decreases TLR8-mediated IFNβ and
IL-12A expression. Macrophages were transfected with control or TIRAP-silencing oligo, followed by
stimulation with TLR8 ligand CL075 (2 μg/mL) for the indicated time. RT-qPCR analysis of cytokine-
gene expression after stimulation by CL075 in consecutive experiments with cells from different
donors (n = 6–8). Data for cytokine expression induced by CL075 stimulation were normalized
to untreated sample and presented as a mean relative fold change +SEM. Statistical testing was
done by 2-way RM-ANOVA including a post-test, as described (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, and ns—non-significant).
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To avoid problems with inefficient silencing, knockout-model (KO) systems are widely
used. We prepared TIRAP KO THP-1 human monocyte/macrophage-like subline by
Crispr/Cas9 gene editing, combined with subsequent TLR8 overexpression to achieve
more robust type I IFNs induction in these cells. However, there was a noticeable change in
TLR4 signaling in TIRAP KO THP-1 cells from two weeks (early) to four weeks (late) of
cultivation in puromycin-selection medium (Figure S2a,b). TLR4-mediated IFNβ expression
was inhibited in early TIRAP KO cells, while the effect was lost after prolonged cultivation
(Figure S2a,b). The response to LPS in TIRAP-silenced THP-1 cells was more comparable
to early TIRAP KO cells (Figure S2a,c). This instability of the KO cells could be due to
compensatory mechanisms, and we, thus, considered silencing of the TIRAP gene as a
better approach for pinpointing the impact of TIRAP in TLR signaling.

TLR2 and TLR4 induce the expression of pro-inflammatory cytokines via formation
of the TIRAP/MyD88 complex [30]. Even though TLR4-dependent expression of IFNβ
relies on TRAM/TRIF signaling from the endosomes, we observed that TIRAP silencing
significantly reduced LPS-mediated IFNβ expression both in THP-1 cells and in primary
human MDMs (Figures S1a and S2c) [31].

To follow the protein levels of the secreted cytokines, we performed ELISA or Multi-
plex assays using supernatants from cells stimulated by TLR ligands for four hours. Indeed,
TIRAP silencing reduced TLR4- and TLR8-mediated IFNβ and IL-12p70 secretion (Figure 2),
and it also decreased the phosphorylation of STAT1 (Figure S3), a transcription factor in
IFN-α/β-receptor (IFNAR) signaling that may be used as a surrogate readout for IFNβ

secretion [32]. These results are corroborating the mRNA data, suggestive of TIRAP in-
volvement in regulation of IFNβ expression and secretion at later stages of signaling (2–4 h).
TLR8-mediated TNF mRNA expression was also reduced upon TIRAP knockout (Figure 1),
yet the level of secreted TNF was not significantly affected (Figure 2). Overall, our results
indicate that TIRAP regulates TLR8-mediated signaling in human primary MDMs, with the
strongest effect on expression and secretion of IRF5-regulated cytokines IFNβ and IL-12p70,
and a less clear effect on the expression and secretion of proinflammatory cytokines.

Figure 2. TIRAP silencing significantly inhibits TLR8-mediated IFNβ and IL12 p70 secretion by
primary human macrophages. IFNβ and TNF secretion in 6–8 consecutive experiments with cells
from different donors were analyzed by specific ELISA kits, with other cytokines’ secretion addressed
by BioPlex assays. Statistical significance evaluated using Wilcoxon matched-pairs signed-rank test,
presented as mean with SD, significance levels—* p < 0.05, ns—non-significant.
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3.2. TIRAP Silencing Inhibits TLR8-Dependent IL-12A Expression in Response to
Bacterial Infection

TLR8 can sense ssRNA of bacterial origin [5,9,26]. Given how common bacterial
infections are, and the potential serious consequences associated with them, it is essential
to understand the mechanistic interactions between the pathogen and immune cells. Group
B streptococcus (S. agalactiae, GBS) and S. aureus are commensal bacteria but hold great
invasive potential and can cause serious infections [33–35]. TLR8 was recently shown to
be involved in the innate immune responses to these Gram-positive bacteria but had less
impact on responses to Gram-negative bacteria [13,26,27]. As such, we wanted to address
the importance of TIRAP in the TLR8-mediated responses to GBS and S. aureus. TIRAP-
silenced primary MDMs were stimulated with TLR4 ligand LPS or TLR8 ligand CL075, or
infected with clinical isolates of E. coli, GBS, or S. aureus, for a total of four hours and at two
bacterial doses. Expression of IFNβ, TNF, IL-12A, IL-12B, and IL-6 mRNA was analyzed by
RT-qPCR (Figure 3). In accordance with our previous findings, successful TIRAP silencing
reduced the expression of these cytokines following LPS treatment and infection by E. coli
(Figure 3). TIRAP silencing also significantly reduced IL-12A mRNA expression following
GBS infection, with a similar tendency for IFNβ induction, although statistical support
was not achieved (Figure 3). These results indicated a clear effect of TIRAP silencing
on TLR8-mediated IL-12A expression, with a similar yet non-significant trend for IFNβ
mRNA (Figures 1 and 3). In S. aureus-infected cells, TIRAP silencing significantly reduced
IL-6 and TNF mRNA expression, which could reflect the inhibition of TLR2-mediated
pro-inflammatory signaling in TIRAP-silenced cells (Figure 3). We observed non-significant
trends in the reduction in IFNβ, IL-12A, or IL-12B mRNA expression, following an S. aureus
challenge (Figure 3). S. aureus is sensed both by TLR2 and TLR8, and TLR2 activation can
suppress TLR8-IRF5-mediated induction of IFNβ and IL-12A [13], and it is possible that the
combined TLR2 and TLR8 activation can diminish the requirement for TIRAP in the TLR8
mediated responses to S. aureus. Additional sensing mechanisms of whole live bacteria are
also involved, such as complement and Fc receptors. These might compensate for the loss
of TIRAP in our experiments, thus explaining the relatively small effects upon a bacterial
challenge compared to pure TLR8-agonist stimulation. Thus, a kinetic study would be
required to further clarify the impact of TIRAP in the sensing of live bacteria. Moreover,
gene silencing has limitations, since it does not completely abrogate the expression or
protein level of the silenced gene (Figure S3). Altogether, these results indicate that TIRAP
can influence IRF5-mediated TLR8 signaling also during bacterial infection, which is
especially clear for the induction of IL-12A expression by GBS.

3.3. TLR8-Mediated Nuclear Translocation of IRF5 Is Reduced by TIRAP Silencing

Based on our findings, which show that TIRAP silencing had the most prominent
inhibitory effect on the expression and secretion of the IRF5-regulated cytokines IFNβ

and IL-12p70 (Figures 1–3), we addressed TLR8-mediated nuclear translocation of the
transcription factors NF-κB p65/RelA (p65) and IRF5 after the stimulation of cells by the
CL075 ligand. NF-κB, a heterodimer with p65 as one of the components of the dimer,
mainly induces the expression of pro-inflammatory cytokines, such as TNF and IL-6 [1,36].
In human monocytes and MDMs, TLR8 induces expression of IFNβ and IL-12A genes in an
IRF5-dependent manner, while TNF is less affected by IRF5 silencing [13,26,27].

MDMs were treated with TIRAP siRNA or control siRNA prior to stimulation with
the TLR8 ligand CL075, and silencing efficacy was confirmed by RT-qPCR from one of
the parallel wells (Figure 4a). NF-κB p65 and IRF5 were stained by specific antibodies
in TLR8-stimulated (60 min) cells, and nuclear translocation was assessed by automated
high-throughput fluorescence imaging and quantification with ScanˆR (Figure 4). TIRAP
silencing significantly attenuated the nuclear translocation of IRF5 after TLR8 stimulation,
while p65 translocation was unaffected (Figure 4b,c).
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Figure 3. TIRAP silencing attenuates cytokine production from MDMs challenged with clinical
isolates of E. coli (ECO), while affecting mainly IL-12A induction by Group B streptococcus (GBS) and
pro-inflammatory cytokine induction by S. aureus (SAU). MDMs (5–6 donors in consecutive experi-
ments) were pre-treated with TIRAP siRNA or control oligo and incubated with LPS (100 ng/mL),
CL075 (1 μg/mL), or live bacteria (GBS 248, SAU 17-2, and ECO 18-1) for a total time of four hours.
The doses of bacteria were 1 × 105/mL (e5) and 1 × 106/mL (e6). This roughly corresponds to MOI
0.01 and 0.1 for GBS, MOI 0.02 and 0.2 for SAU, and MOI 0.1 and 1.0 for ECO. Gene expression
was determined by RT-qPCR, normalized to untreated sample, and presented as a mean relative
fold change +SEM. Statistical testing was done with 2-way RM-ANOVA and post-test (* p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Figure 4. Silencing of TIRAP gene inhibits nuclear translocation of IRF5 in 60 min after CL075
stimulation. Experiments were performed on human MDMs (n = 6 donors). (a) TIRAP-silencing
efficacy was quantified with RT-qPCR from parallel wells of CL075 stimulated cells using non-
stimulated cells for normalization (fold = 1.0). Control or TIRAP-silenced cells were stimulated
with CL075 (2 μg/mL) for one hour, followed by fixation of cells, double staining of IRF5 (b) and
NF-kB (p65/RelA) (c), DNA staining by Hoechst 3342 for nuclei visualization, and quantitative
imaging by high-content screening (Olympus ScanˆR system). The level of nuclear IRF5 (b) and p65
(c) was calculated as the percentage of positively stained nuclei multiplied by the mean fluorescence-
intensity value (MFI) of the positively stained nuclei. In non-stimulated cells, the background-staining
levels (%pos × MFI) for nuclear IRF5 and p65 were <15 and <73, respectively. (d,e) Representative
immunofluorescent images of non-stimulated (NS) and CL075 stimulated cells used for quantification
of IRF5 (red channel) and p65 (green channel) in nuclei (blue channel). Scale bar shown in overlay
represents 50 μm. Statistical significance was examined with paired t-test (** p < 0.01, **** p < 0.001).

Phosphorylation of IRFs and other transcription factors typically reflect their active
state and is linked to their nuclear translocation and the activation of transcription of
target genes [37,38]. To evaluate the potential regulation of IRF5 phosphorylation by
TIRAP, we performed electrophoresis using Phos-tag gel [39] (Figure S4), since efficient
phospho-IRF5 antibodies are not commercially available. Lysates of LPS-stimulated cells
were included as a negative control since TLR4 signaling does not trigger IRF5 translocation
in human MDMs, but rather it activates the IRF3-transcriptional factor in a TRAM/TRIF-
dependent manner [13,26,40]. No clear alterations in the phosphorylation pattern of IRF5
or p65 in TIRAP-silenced cells after CL075 stimulation were revealed (Figure S4). Thus,
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TIRAP expression positively regulated the nuclear translocation of IRF5 downstream to
TLR8 (Figure 4), while having no effect on p65 phosphorylation or nuclear translocation
(Figure S4).

3.4. TIRAP Co-Precipitates with the Myddosome Complex Induced by TLR8 Dimerisation

TIRAP interacts with activated TLR2 and TLR4 dimers and recruits the MyD88 signal-
ing adaptor, allowing formation of the Myddosome complex [18]. The role of TIRAP in the
TLR8-MyD88 complex has not previously been addressed, and there are no published data
on possible TIRAP recruitment to the TLR8-activated Myddosome. To address the recruit-
ment of TIRAP to the TLR8-Myddosome complex, we performed immunoprecipitations
with TIRAP-specific antibody-coated beads and lysates from human primary MDMs, stim-
ulated with LPS (positive control), or CL075 (Figure 5). Indeed, TIRAP co-precipitated with
MyD88, IRAK4, and IRAK1, the core signaling proteins of the Myddosome complex [1],
not only in LPS-stimulated cells, but also upon stimulation via TLR8 (Figure 5).

Figure 5. TIRAP is recruited to TLR8-initiated MyD88 and IRAK1/4-signaling complex. Endogenous
TIRAP was immunoprecipitated for four hours from lysates (whole cell lysates—WCLs) of human
MDMs: untreated or stimulated by LPS (100 ng/mL) or CL075 (2 μg/mL) for indicated time. LPS
stimulation was applied as a positive control for TIRAP recruitment to the activated Myddosome.
Cellular lysates were analyzed in parallel to control for input, with WB for MyD88, IRAK1, IRAK4,
and TIRAP. A representative experiment is shown from a total of four consecutive experiments with
different donors.

To validate the IRAK4 band in the TIRAP precipitates (due to the IRAK4 size of
50–52 kDa, which is close to the size of IgG heavy chains), we examined TIRAP co-
precipitations with IRAKs and MyD88 from LPS-stimulated THP-1 cells, using an IRAK4
inhibitor (PF-06426779) that induces a band size shift of IRAK4 due to the inhibition of
IRAK4 autophosphorylation (Figure S5). Pre-treatment with the IRAK4 inhibitor decreased
LPS-mediated IRAK1 posttranslational modifications and TAK1 phosphorylation in the
lysates, resulting in the expected IRAK4 band-size shift in the precipitates (Figure S5). This
shows that IRAK4 staining is specific for the chosen IPs conditions (Figure 5).

The shared time point of 15 min for the LPS and CL075-stimulated cells demonstrates
that TIRAP recruitment to IRAKs and MyD88 was delayed for CL075-stimulated cells when
compared with LPS-stimulated cells (Figure 5). Overall, the extent of IRAK1 modification in
15 min of TLR stimulation in MDMs showed great donor variation (not shown), as expected.
IP results with lysates from a donor with a fast and strong response to CL075 were selected
to demonstrate that even with fast IRAK1 activation (already within 15 min), TIRAP was
not co-precipitating with the Myddosome-complex molecules (Figure 5). In contrast, TIRAP
was recruited to TLR4-activated Myddosome within 15 min, even though this experiment
revealed only weak IRAK1 modification following LPS stimulation (Figure 5). These
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observations are in line with the well-established role of TIRAP as adaptor that connects
MyD88 to TLR4 [28,41].

Thus, TIRAP recruitment to the Myddosome complex was delayed and more promi-
nent at 30–60 min after CL075 stimulation, when compared to LPS stimulation (Figure 5).
Overall, we suggest that recruitment of TIRAP to TLR8 occurs after the Myddosome for-
mation is initiated. This is in line with the concept of the direct interaction of endosomal
TLRs with the signaling adaptor MyD88 [28,41]. TIRAP may, thus, not be required for
connecting MyD88 to TLR8 to initiate the signaling but is rather recruited to the activated
TLR8-signaling complex, and, thus, subsequently regulate downstream signaling. Overall,
our data show that TIRAP is attracted to the TLR8 Myddosome and further support the
hypothesis that TIRAP is involved in the regulation of TLR8 signaling.

3.5. TLR8-Mediated Akt Phosphorylation Is Negatively Affected by TIRAP Silencing

To gain further insight into the role of TIRAP downstream of the TLR4 and TLR8
Myddosomes, we analyzed the phosphorylation/activation state of signaling intermediates
in TIRAP-silenced human MDMs (Figure 6). TIRAP silencing was expected to have an
inhibitory effect on the activation/phosphorylation of TLR4-mediated MyD88-dependent
signaling molecules. Upon TLR ligation, MyD88 is recruited to TLR4 in a TIRAP-dependent
manner [28], and IRAK4 kinase is subsequently attracted to MyD88 via death domain
(DD) interactions, followed by IRAK1 recruitment and activation. As a result, IRAK1
is phosphorylated and poly-ubiquitinated, which induces the shift of IRAK1 band size
from 80 kDa to 100 kDa or a significant reduction in the 80 kDa band [42–44]. Active
IRAK1 forms the complex as well as promotes the phosphorylation and activation of TAK1-
mitogen-activated kinase kinase kinase (MAPKKK) that acts upstream and induces ERK1/2,
JNK1/2, and p38 MAPK phosphorylation and activation, while TAK1 also activates the
canonical IKK complex (reviewed in [45]). IKKβ is crucial for IκBα (nuclear factor of kappa
light-polypeptide gene enhancer in the B-cells inhibitor, α) phosphorylation, which leads to
its degradation that is required for the activation of NF-κB (reviewed in [46]). IKKβ is also
critical for the activation of IRF5 in TLR8 signaling [13,37]. Both p38MAPK and JNK1/2
positively regulate the transcriptional activity of the AP-1 (ATF-2-c-jun) transcriptional
complex [47], which together with IRFs (IRF3 for TLR4 and IRF5 for TLR8) and NF-kB
translocate to the nucleus and activate type I IFN promoters [13,40].

As could be seen from Figure 6a,c, in cells stimulated with LPS for 15–30 min, TIRAP
silencing reduced the phosphorylation of TAK1, ERK1/2, JNK1/2, and p38 MAPK as well
as the post-translational modification of IRAK1 (100 kDa band), and resulted in less effec-
tive degradation of IκBα. Silencing of TIRAP had some inhibitory effect on TLR8-mediated
TAK1 and p38 MAPK phosphorylation, while not affecting IRAK1 posttranslational mod-
ifications or the degradation of IκBα (Figure 6a,b). Indeed, de-phosphorylation of TAK1
in TIRAP-silenced cells was faster when compared to control cells upon CL075 stimu-
lation (Figure 6a,b), which may indicate a possible role of TIRAP in the stabilization of
IRAK1/TABs/TAK1 signaling complex and increased TAK1-mediated cytokine production.

PI3Ks and its downstream target, serine/threonine-kinase Akt (PKB), is activated
by many receptors, including TLRs, and is known to regulate macrophage survival and
migration as well as the response to different metabolic and inflammatory signals in
macrophages [48–50]. Phosphorylation of Akt (serine 473, S473) reflects a fully activated
Akt kinase [51]. The most consistent effect of TIRAP silencing upon the ligation of TLR8
across PBMCs from several donors was the decreased phosphorylation of Akt, particularly
45–60 min after TLR8 activation (Figure 6a,b), which correlates with the timeframe when
TIRAP is recruited to the TLR8-induced Myddosome (Figure 5). These results indicate
that TLR8 signaling may be coupled to the PI3K/Akt pathway, and that TIRAP positively
regulates TLR8-mediated activation of Akt (Figure 6a,b). In comparison, in LPS-stimulated
cells, TIRAP silencing had not much effect on the phosphorylation of Akt (Figure 6a,c).

Previously, Guiducci et al., reported that TLR7 stimulation induces phosphorylation
of Akt, and inhibition of Akt reduces nuclear translocation of IRF7 and type I IFNs’ induc-
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tion [17]. Thus, positive regulation of TLR8-mediated IRF5 nuclear translocation by TIRAP
(Figure 4) might be mechanistically linked to the regulation of Akt (Figure 6a,b).

Figure 6. Silencing of TIRAP consistently inhibits TLR8-mediated phosphorylation of Akt S473.
(a) Western blotting of lysates from MDMs treated with a control oligo or TIRAP-specific siRNA
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oligo and stimulated with 100 ng/mL LPS or 2 μg/mL CL075. The antibodies used are indicated
on the figure, and GAPDH or PCNA are equal-loading controls. (b) Graphs show quantifications of
protein levels relative to GAPDH or PCNA for CL075-stimulated cells and (c) LPS-stimulated cells.
Representative image and graphs for one of four donors. Densitometry analysis and normalization to
loading control was done using LiCor Odyssey software.

3.6. p38 MAPK Inhibition Is Not Affecting TLR8-Mediated IRF5 and p65 Nuclear Translocation

TIRAP silencing resulted in reduced p38 MAPK phosphorylation, upon stimulation
by TLR8 ligand (Figure 6). To investigate the role of p38 MAPK in TLR8 signaling, we
pre-treated monocytes with a selective p38 MAPK inhibitor BIRB 796 and several other
control inhibitors, followed by the stimulation of cells with CL075 (1 μg/mL) for one and
two hours Overall, inhibition of p38 MAPK had no effect on nuclear translocation of IRF5
or p65 (Figure S6a). In contrast, TAK1 kinase inhibitor (5z-7-oxozeaenol) blocked IRF5
translocation, but not p65 translocation, while inhibiting IKKβ with a IKKII–VIII inhibitor
that blocked both p65 and IRF5 translocation, as shown in our earlier study [13]. These
data suggest that decreased phosphorylation of p38 MAPK does not explain the reduction
in IRF5 nuclear translocation upon TIRAP silencing. Still, inhibition of p38 MAPK strongly
inhibited the expression of IFNβ and TNF mRNA in 2 h of CL075 stimulation, similar to
TAK1 inhibition (Figure S6b). Since p65 nuclear translocation was not affected by the p38
MAPK inhibitor, this could be explained by attenuation of the AP-1 transcriptional com-
plex activity in BIRB796-treated cells, which would result in reduced cytokine induction
according to the established role for AP-1 in cytokines’ promoter activity [47]. Overall,
we conclude that TIRAP may regulate TLR8 signaling via two distinct pathways: an Akt
pathway and the TAK1 pathway that enhances p38 MAPK activation. Both pathways con-
tribute to cytokine induction. The regulation of IFNβ and IL-12A expression by modulation
of nuclear IRF5 levels is the most marked effect of TIRAP silencing, which could not be
explained by the decreased p38 MAPK activation in silenced cells. Thus, we proceeded
with testing the effect of Akt inhibition on TLR8-mediated IFNβ and IL-12A expression as
well as IRF5 nuclear translocation.

3.7. Akt Inhibition Decreases TLR8-Mediated Expression of IFNβ and IL-12A Genes

To further examine the role of Akt in TLR8 signaling, and particularly in the regulation
of IFNβ and IL-12A expression, we used specific Akt inhibitors. Two allosteric inhibitors
(MK-2206 and Miransertib) and one ATP-competitive Akt inhibitor (Capivasertib) had a
similar inhibitory effect on the TLR8-mediated expression of IFNβ and IL-12A (Figure S7).
We proceeded with the inhibitor MK-2206 and pre-treated primary human monocytes
prior to stimulation with CL075 (Figure 7). Indeed, Akt inhibition resulted in a significant
decrease in IFNβ and IL-12A mRNA in two hours of TLR8 stimulation, with no effect on
TNF mRNA expression (Figure 7). Of the TLR4-mediated responses, Akt inhibition resulted
in the reduced TNF expression, without effect on IFNβ and IL-12A expression, suggesting a
different mechanism for the regulation of TLR4-mediated IFNβ expression by TIRAP.

Due to the previously detected link between activation of TAK1 and IRF5, we ad-
dressed the possible impact of Akt inhibition on the phosphorylation of TAK1 S172 and the
downstream phosphorylation of p38 MAPK (Figure S6a,b). Akt inhibition was efficient,
since the allosteric Akt inhibitor blocked S473 phosphorylation, as previously revealed [14].
Interestingly, Akt inhibition rather increased the phosphorylation of TAK1 and down-
stream p38 MAPK after both TLR4 and TLR8 stimulation (Figure S8a,b). At the same
time, Akt inhibition by MK-2206 reduced the TLR8-mediated phosphorylation of STAT1
(Figure S8c), which correlates with IFNβ gene expression (Figure 7). Overall, these results
suggest that Akt is involved in the positive regulation of TLR8 signaling, leading to the
expression of IFNβ and IL-12A, although mechanistically it appears not to be mediated by
increased TAK-1 activation. In contrast to TLR8, inhibition of Akt had no significant effect
on TLR4-mediated IFNβ and IL-12A induction.
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Figure 7. Akt inhibition in MDMs significantly reduces TLR8-mediated expression of IFNβ and
IL-12A genes, while having no effect on TLR4-mediated cytokine expression. RT-qPCR analysis
of cytokine expression after pre-treatment with Akt inhibitor MK-2206 (2 μM) and stimulation by
(a) CL075 (2 μg/mL) or (b) LPS (100 ng/mL). Gene expression normalized to unstimulated sample
and presented as a mean relative fold change +SEM. Statistical testing was done by 2-way RM-
ANOVA including a post-test, as described (* p < 0.05, and ns—non-significant).

3.8. Akt Inhibition Decreases TLR8-Mediated Nuclear Translocation of IRF5

As we have shown, nuclear translocation of IRF5 in TLR8-stimulated TIRAP silenced
cells was significantly reduced without a clear effect on IRF5 phosphorylation (Figure 4). We,
thus, investigated the effect of Akt activity on nuclear translocation and phosphorylation
of IRF5 in MDMs using subcellular fractionation (Figure 8). LPS-stimulated cells were
included as a negative control for IRF5 nuclear translocation, and anti-phospho-Akt (S473)
was used to demonstrate an efficient Akt blockade. Histone 3 levels were analyzed for
the normalization of nuclear extracts, while GAPDH used to control for the possible
contamination of nuclear extracts with cytosolic content, which was not the case (Figure 8).
Overall, inhibition of Akt markedly reduced IRF5 nuclear translocation in 60 min of TLR8
stimulation (Figure 8). As with TIRAP silencing, the total phosphorylation pattern of IRF5 in
total lysates of monocytes was not altered upon Akt inhibition (Figure S9). Together, these
data suggest TIRAP is involved in a crosstalk between TLR8 and Akt, which contributes to
IRF5 nuclear translocation and the expression of IFNβ and IL-12A genes (Figure 9).
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Figure 8. Inhibition of Akt reduced IRF5 nuclear translocation in human monocytes. Western blot
analysis of cytosolic fraction and nuclear extracts from cells pre-treated with MK-2206 (2 μM) was
followed by stimulation with CL075 (2 μg/mL) or LPS (100 ng/mL). LPS stimulation was applied for
negative control. IRF5 levels in nuclear extracts were normalized based on Histone 3 bands’ intensity
(graph), while GAPDH Western blot was performed to control for potential contamination of nuclear
extracts with cytosol content. To control for Akt inhibition efficacy, Akt (S473) phosphorylation
level was addressed in WCLs (whole cell lysates) from parallel wells. Representative of three
consecutive experiments.

Figure 9. Model showing TIRAP involvement in regulation of TLR8 signaling. Recruitment of
TIRAP to Myddosome promotes Akt activation and facilitates nuclear translocation of IRF5 as well as
expression and secretion of IRF5-dependent cytokines IFNβ and IL-12p70.

4. Discussion

TIRAP/Mal is a critical bridging adaptor that connects MyD88 to TLR2 and TLR4 at
the plasma membrane. However, it is now clear that the role of TIRAP in TLR signaling
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is much more complex (reviewed in [18]), with even some TLR-independent functions
discovered for TIRAP (reviewed in [52]).

In its N-terminal part, TIRAP contains a phosphoinositide (PI)-binding domain
(PBD), which interacts with phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2)-enriched
membranes [19,20,53]. Bonham et al., demonstrated that TIRAP PBD is also capable of
binding PtdIns(3)P on endosomal membranes, and when murine-bone-marrow-derived
macrophages (BMDMs) are challenged with natural ligands (influenzas virus and Herpes
simplex virus), TIRAP regulates signaling via TLR7 and TLR9, with a particular impact on
IFNα expression [20].

Here, we show that TLR8 also utilizes TIRAP in its IRF5-dependent signaling path-
way in human primary monocytes and MDMs, which has not previously been reported.
Moreover, our findings suggest that TIRAP plays an unconventional role in TLR8 signaling
and most likely is recruited after the formation of the proximal TLR8-Myddosome complex,
subsequently enhancing Akt/PKB activation (Figure 9).

To investigate the potential involvement of TIRAP in TLR8 signaling, we based our
study on TIRAP silencing in human primary phagocytes. Despite the quite high variability
in kinetics and magnitude of TLR signaling in the human primary cells from healthy human
subjects, which can be of genetic as well as non-genetic causes, our experiments provide
some important advantages over studies with cell lines. The response of primary cells more
accurately reflects the natural human-cell biology and host–pathogen interactions, so it is,
therefore, of higher relevance.

Our data on the mRNA expression and cytokine secretion of IFNβ and IL-12A in
TIRAP-silenced cells showed a significant reduction in these responses upon TLR8 stimu-
lation, while the effect on pro-inflammatory cytokines was not as clear. We have recently
demonstrated that TLR8 is a dominant TLR in the response to the Gram-positive bacte-
ria, such as GBS and S. aureus, in human primary monocytes and MDMs [13,26,27]. We,
therefore, addressed the contribution of TIRAP in the response to Gram-positive and Gram-
negative bacterial infections in MDMs and revealed a partial dependency of TIRAP in the
regulation of cytokine production with all the examined bacteria. The impact of TIRAP
in E. coli-induced cytokine production could be mainly attributed to LPS-activated TLR4-
signaling, while a partial reduction in TNF and IL-6 production induced by S. aureus may
involve TLR2 signaling. Genetic TIRAP deficiency in humans impairs both TLR4 and TLR2
signaling, though the TLR2-response in macrophages and susceptibility to S. aureus infec-
tions can be rescued in vivo by lipoteichoic acid (LTA)-specific IgG antibodies, likely due
to a compensatory mechanism via Fc-receptor (CD32) engagement [54]. We have shown
earlier that the GBS-induced cytokine production in myeloid cell cultures is almost entirely
TLR8-mediated [27], and the significant reduction in IL-12A expression, thus, demonstrates
a role of TLR8–TIRAP signaling during a challenge with a viable Gram-positive bacterium.
Even though induction of IL-12A and IFNβ by the Gram-positive bacteria is mainly TLR8
dependent [27], our data only revealed a tendency of attenuated IFNβ expression after
TIRAP silencing, which did not reach statistical support, possibly due to underpowered
statistics. It is also possible that the selected time point for gene-expression analysis was
sub-optimal, or that the triggering of several signaling mechanism by the whole live bacte-
ria (e.g., TLR2, TLR8, Fc-receptors, complement receptors, etc.) could compensate for the
reduced TIRAP levels. Moreover, considerable levels of TIRAP protein remain in the cells
after TIRAP silencing. The effect of TIRAP silencing was more prominent for TLR2 and
TLR4 signaling with prolonged stimulation, which may imply that the levels of TIRAP in
silenced cells are sufficient to initiate proximal signaling but not to sustain the cytokine
production. Generation of TIRAP KO THP-1 cells was done as an alternative strategy, but
the phenotype appeared unstable, possibly due to compensatory signaling mechanisms.
Thus, the real contribution of TIRAP to TLR8-mediated cytokine induction might be more
prominent, both for purified agonists and whole bacteria, and this issue, thus, warrants
further studies.
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As we have already noted, TIRAP appears to be more important for the expression
of IRF5-dependent genes IFNβ and IL-12A than for TLR8-regulated pro-inflammatory
cytokines. A similar differential regulation of IFNβ by TIRAP was also observed by
Zyzak et al., in TLR9 signaling in human PBMCs and the microglia cell line [22], and by
Lesczcynska et al., in TLR7 signaling in the human dendritic cell line [21]. Both reports
implicate ERK1/2 in the TIRAP-dependent effects observed. Similar to our findings,
Leszczynska et al., conclude that the TIRAP-dependent effects on IFNβ expression are
mediated by IRF7, whereas Zyzak et al. link the non-canonical NF-kB pathway to IFNs-
expression regulation [21,22]. However, especially in the latter report [22], most of the
research into the mechanisms shown are done in murine cells.

TLR8-mediated IFNβ and IL-12A gene expression in human primary monocytes and
macrophages is dependent on activation of IRF5 [13,27]. Our findings provide evidence
that TIRAP is involved in the TLR8-IRF5 signaling mechanism. In contrast to the findings
by Zyzak et al. [22] and Leszczynska et al. [21] regarding TLR9 and TLR7, TIRAP silencing
in human MDMs did not alter ERK1/2 activation but, consistently, reduced the phosphory-
lation of Akt kinase. The PI3K–Akt pathway can regulate cellular metabolism and survival,
and its dysregulation is firmly linked to tumor development [14]. The PI3K–Akt path-
way is also implicated in the regulation of TLR signaling, with evidence of both pro- and
anti-inflammatory effects [15,50,55,56]. Guiducci et al., showed that nuclear translocation
of IRF7 and type I IFNs expression is enhanced by PI3K–Akt signaling, following TLR7
and TLR9 activation in human pDCs [17]. Lima et al., reported crosstalk between TLR9
and PI3Kγ in human PBMCs [57], while Sarkar et al., demonstrated that TLR3-dependent
activation of the PI3K–Akt axis induces IRF3 phosphorylation and nuclear translocation
in HEK293 cells [58]. Similar to these findings, here we show that Akt is involved in the
regulation of IFNβ and IL-12A induction upon TLR8-IRF5 signaling. However, Akt could
not be linked to TLR4-induced IFNβ and IL-12A expression in human MDMs.

Lopez-Pelaez et al., previously identified that IKKβ phosphorylates Ser462 in IRF5
to induce nuclear translocation and subsequent expression of IFNβ in a TLR7-stimulated
human pDC cell line [37]. We find that Akt inhibition and TIRAP-silencing reduced IRF5
nuclear translocation upon TLR8 stimulation, though IRF5 phosphorylation appeared
unaffected. However, it is possible that changes in the phosphorylation of the specific sites
in IRF5 may not be detected by the analysis of the total phosphorylation pattern of IRF5.

Overall, we found that TIRAP silencing most consistently decreased the phosphory-
lation of Akt in human MDMs, and that inhibition of Akt had a comparable effect with
TIRAP silencing. It might be possible that recruitment of TIRAP followed by Akt activation
is adding another layer to the regulation of IRF5 activation and IRF5-dependent gene ex-
pression, either by direct phosphorylation of IRF5, or by regulating the activity of transport
proteins involved in IRF5 nuclear translocation. Recently, a TLR adaptor interacting with
SLC15A4 on the lysosome (TASL) was identified as a critical endosomal adapter for IRF5
activation in TLR7-9 signaling in human cells [59], and further studies are necessary to
deduce the precise signaling events upstream of IRF5 activation as well as the specific roles
of TIRAP and Akt in these pathways.

As an endosomal ssRNA-sensing receptor, TLR8 is relevant both for viral and bacterial
infections [5,9,13,26,27,60–62]. IFNs are particularly important during viral infections,
as they induce the expression of gene-encoding proteins with anti-viral effects, such as
inhibiting the viral replication, assembly, and release of the virus particle [1]. Thus, further
exploration of the role of TIRAP in virus-induced TLR8 signaling (such as Influenza A Virus,
HIV, West Nile Virus [61]) is warranted. Cell-type specific differences in the expression level
and utilization of TIRAP in TLR8 signaling should also be addressed. Furthermore, SNPs in
TIRAP are associated to the incidence and severity of several diseases, such as tuberculosis,
HIV, and systemic lupus erythematosus (SLE) [18] as well as infections/diseases in which
TLR8 is likely to play a role [63–65]. Thus, understanding the contribution of TIRAP to the
fine-tuning of TLR8 signaling might be of significant clinical relevance.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/biomedicines10071476/s1. Supplementary Materials and Methods.
Figure S1: TIRAP silencing in primary human MDMs significantly decreases TLR2- and TLR4-
mediated cytokines mRNA expression. Figure S2: TIRAP silencing could be a more relevant approach
than knockout to evaluate the fine-tuning of TLRs-mediated signaling by TIRAP. Figure S3: TIRAP
silencing reduces STAT1 phosphorylation in LPS- or CL075-stimulated human MDMs. Figure S4:
Total phosphorylation pattern of IRF5 in CL075-stimulated cells is not affected by TIRAP silencing.
Figure S5: Band shift for IRAK4 protein in TIRAP IPs, induced by the pre-treatment of cells by the
PF-06426779 IRAK4 inhibitor, supports the specificity of IRAK4 staining for the selected IPs and WB
conditions. Figure S6. Pharmacological inhibition of p38 MAPK does not block the TLR8-induced
nuclear translocation of IRF5 or p65, but it still suppresses TLR8-induced cytokine transcription.
Figure S7: Tested Akt inhibitors have a similar inhibitory effect on TLR8-mediated IFNβ and IL-12A
expression. Figure S8: Inhibition of Akt strongly decreased TLR8-mediated phosphorylation of Y701
in STAT1, with no inhibitory effect on TLR4- or TLR8-mediated MAPKs phosphorylation. Figure S9:
Akt inhibition had no effect on the total phosphorylation pattern of the IRF5-transcription factor.
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Abstract: Alumina nanoparticles (Al2O3 NPs) can be released in occupational environments in
different contexts such as industry, defense, and aerospace. Workers can be exposed by inhalation
to these NPs, for instance, through welding fumes or aerosolized propellant combustion residues.
Several clinical and epidemiological studies have reported that inhalation of Al2O3 NPs could trigger
aluminosis, inflammation in the lung parenchyma, respiratory symptoms such as cough or shortness
of breath, and probably long-term pulmonary fibrosis. The present review is a critical update of
the current knowledge on underlying toxicological, molecular, and cellular mechanisms induced by
exposure to Al2O3 NPs in the lungs. A major part of animal studies also points out inflammatory cells
and secreted biomarkers in broncho-alveolar lavage fluid (BALF) and blood serum, while in vitro
studies on lung cells indicate contradictory results regarding the toxicity of these NPs.

Keywords: alumina nanoparticles; inflammation; fibrosis; toxicity; lung; broncho-alveolar fluid; aluminosis

1. Introduction

Alumina nanoparticles (Al2O3 NPs) are among the most widely used and produced
particles in the world, with a wide range of interesting applications such as biosensors,
desalination, high-risk pollutants detection, capacitors, solar cell devices, and photonic
crystals [1]. These NPs can also be retrieved as pollutants in the environment.

Al2O3 NPs are produced in huge quantities as by-products of water treatment (water
treatment residuals), bauxite processing (red mud), and hard and brown coal burning in
power plants (fly ash) [2]. Welding fumes and propellant combustion residues also seem
to be the main sources of Al2O3 NPs occupational exposures [3,4]. Nanoparticle forms are
particularly studied in toxicological research because of their increasing use and the concerns
they raise. Indeed, unique physico-chemical properties of NPs such as small size (<100 nm)
and high specific surface area, confer high surface reactivity and uncertainty toward their
potential toxicity [5]. Workers’ exposure to Al2O3 NPs can mainly occur by inhalation.
Occupational exposures to these dusts are described in the literature to have deleterious
health effects on the respiratory and nervous systems [3,6–9]. Therefore, it is necessary to
improve understanding of NPs toxicity in order to redesign strategies to mitigate/reduce
environmental and/or health impact [10]. Due to the lack of studies, research efforts are
needed to better explore and thus protect predisposed populations such as workers.

This review focuses on biological effects described on the pulmonary system and
associated described pathologies. Clinical, animal, and in vitro studies are successively
presented in this paper. Briefly, workers exposed to Al2O3 NPs developed pneumoconio-
sis, also named “aluminosis”. They also presented local respiratory symptoms such as
cough or shortness of breath, inflammation in the lung parenchyma, probably long-term
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pulmonary fibrosis, and increased risk of developing lung cancer [3,8,9,11]. Pulmonary alu-
minosis is a rare form of pneumoconiosis caused by aluminum or alumina powders [12,13].
Consequently, the majority of animal studies have focused on pro-inflammatory mecha-
nisms triggered by the inhalation of Al2O3 NPs [14,15]. Results showed increases in total
protein, neutrophils, lymphocytes, and lactate dehydrogenase (LDH) concentration in
broncho-alveolar lavages (BALF), corroborating pro-inflammatory effects of Al2O3 NPs
and suggesting potential permeabilization of the alveolo-capillary barrier. Moreover, vari-
ous pro-inflammatory cytokines were secreted in animal BALFs: TNF-α, IL-6, IL-1β, IL-8,
MIP-2, and IL-33 [14–16]. However, to the best of our knowledge, inflammatory mecha-
nisms are poorly studied in vitro. This review also critically presents contradictory results
on the cytotoxic and genotoxic effects of Al2O3 NPs on lung cells.

2. Clinical Studies on Health Effects after Inhalation of Alumina Particles

A recent study was conducted on fifteen male students aged (mean, range) 24, 19–31
with normal lung function in an inhalation chamber for human exposure to atmospheric
particulate matter (PM) [9]. The aim was to examine the effects of short-term exposure
to Al2O3 particles (3.2 μm, crystallinity unknown) on inflammatory markers in induced
sputum in healthy volunteers. Controlled inhalations with exposure levels commonly seen in
primary aluminum production were used (below toxicological reference values, i.e., 2 h at
3.9 mg/m3). Authors showed 24 h after exposure increases in polymorphonuclear neutrophils
(PNNs), total proteins, and IL-8 concentrations in the sputum, suggesting a marked pulmonary
inflammation. Moreover, microarray analyses of mRNA abundance collected from sputum
macrophages and pathway analysis showed changes in the expression of 46 genes identified
in three major biological process groups: cell–cell signaling, gene expression, RNA damage
and repair, and regulation of connective tissue assembly. Only localized respiratory effects
were reported in this study, and no systemic effects were observed.

A prevalence of pulmonary fibrosis 300 times higher than that observed in the general
population was evaluated in workers exposed to alumina for 25 years [17]. However, these
results are questionable because of the exposure of subjects to other particulate compounds that
may have contributed to the onset of these respiratory pathologies. Indeed, significant quantities
of asbestos fibers have also been found in the lungs of some subjects who have developed
pulmonary fibrosis. Workers’ exposures to fumes from aluminum welding, which may contain
alumina, has also led to the appearance of pneumoconiosis and pulmonary fibrosis in some
cases [3,11]. A higher frequency of respiratory diseases, such as chronic obstructive pulmonary
disease (COPD), has been observed in aluminum welders. In addition, decreases in lung
function (forced expiratory volume in a second (FEV1)) have been observed in workers in the
aluminum industry exposed to dust containing mainly alumina [18]. Another study evaluated
the lung tissue of fourteen workers exposed to hard metals and aluminum oxide [19]. Among
them, five workers underwent transbronchial biopsy showing diffuse interstitial inflammatory
changes: two of them were asymptomatic, one had clinically evident disease with severe giant
cell inflammation, and two other workers showed local inflammation.

Although some studies on alumina exposure have concluded the induction of respira-
tory pathologies and a decrease in lung function in humans, other studies have revealed
contradictory results. Despite respiratory symptoms (cough, shortness of breath) observed
in workers (preparers of powders for propulsion systems using duralium) exposed to
aluminum and alumina NPs, no link between these compounds and the appearance of
diseases respiratory problems could be demonstrated [8]. Similarly, the follow-up of a
cohort of 521 men working in the production of abrasives (exposure to alumina particles,
silicon carbides, and formaldehyde) 72 over 25 years did not show a significant increase
in total or cancer mortality or the incidence of non-malignant respiratory disease [20].
Finally, monitoring of the pulmonary function of welders using aluminum did not show
any deleterious effect, although respiratory symptoms were observed in these workers [21].

A summary of the results of clinical studies performed on health effects after inhalation
exposure to alumina particles is available in Table 1.
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3. Animal Studies of Pulmonary Biological Effects Triggered by
Alumina Nanoparticles

In order to study the pulmonary toxicity of particles, different animal exposure meth-
ods can be implemented. Inhalation exposure is the most physiological method. However,
this is expensive, and it requires extensive technical skills to set up the exposure system,
the reproducibility of aerosol generation, and to characterize the physico-chemistry of
generated aerosols. Another commonly used method to study in vivo lung toxicity of
particles is intratracheal instillation (IT). This technique allows administrating of precise
and known doses of particle suspensions [22]. IT is less constrained than inhalation but
not representative of environmental exposure conditions. It is also possible to use other
methods of exposure, such as nasal instillation, IT aspiration, oropharyngeal aspiration, or
oral exposure. These techniques are less physiological and rarely used in literature.

Although possessing important anatomical and physiological similarities with humans,
large mammals such as monkeys and pigs are very rarely used for lung toxicity studies due
to ethical aspects and their cost. The rat is the alternative recommended by Organisation
for Economic Co-operation and Development (OECD) because it is a more qualified model,
easier to implement, and remains representative of the human respiratory system [23–25].
This animal model is preferred to the mouse model because it has more anatomical similarities
with humans than with mice [26]. This animal model is the most commonly used to study the
pulmonary toxicity of alumina particles. These studies are presented considering the kind of
animal exposure, i.e., inhalation or IT/intranasal exposures.

3.1. Nose-Only and Whole-Body Inhalation Exposures

Kim and colleagues reported pro-inflammatory effects of alumina nanoparticles after
repeated nose-only inhalation on Sprague-Dawley rats [15]. After 28 days of exposure
(5 days/week) to Al2O3 NPs concentrations ranged between 0.2 and 5 mg/m3 (size
11.94 nm; unknown crystallinity), they showed increases in the total number of cells,
neutrophils, lymphocytes, LDH, TNF-α, IL-6 in BALF. Moreover, they reported histopatho-
logical lesions with alveolar macrophage accumulation in four and eight cases of the
5 mg/m3 group during exposure and recovery, respectively. Pro-inflammatory effects
significantly decreased after 28 days of exposure, but neutrophils and LDH concentra-
tions remained significantly elevated compared to control groups. Results obtained in
this study demonstrated a strong inflammatory potential of these NPs when inhaled,
and authors suggested a no-observed-adverse-effect level of 1 mg/m3 concentration. Re-
cently, Wistar rats were also nose-only exposed to a high concentration of Al2O3 NPs (size
13 nm; γ/δ crystallinity; 20.0–22.1 mg/m3 aerosol) following two exposure scenarios: sin-
gle (4 h) or repeated exposures (4 h/day for 4 days) [14]. After repeated exposures, total
proteins and LDH concentrations in BALF were significantly increased, suggesting that the
alveolo-capillary barrier was damaged. Additionally, a marked pro-inflammatory reaction
was observed with increased concentrations of neutrophils, macrophages, IL-1β, TNF-α,
GRO/KC, and MIP-2. Moreover, another study showed that after 7 days of inhalation
exposure of mice to Al2O3 NPs (size 40 nm; unknown crystallinity; dose of 0.4 mg/m3)
in whole-body chamber emphysema and small airway remodeling in lungs can occur,
accompanied by enhanced inflammation and apoptosis [16]. Authors demonstrated that
protein tyrosine phosphatase, non-receptor type 6 (PTPN6), was down-regulated and Signal
Transducer and Activator of Transcription 3 (STAT3) phosphorylated in response to Al2O3
NPs exposure, culminating in increased expression of the apoptotic marker Programmed
cell death protein 4 (PDCD4). Moreover, IL-6 and IL-33 concentrations were significantly
increased in BALF. Therefore, a decrease in PTPN6 may have deleterious effects at the
molecular, cellular, and tissue levels, leading to the initiation of inflammation and apoptosis,
ultimately resulting in the development of COPD-like lesions.
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3.2. Intratracheal or Intranasal Exposures

IT or nasal instillation are the best alternatives to inhalation exposures for pulmonary
toxicity studies in animals. These techniques notably offer the possibility of exposing
animals in a less costly way, with good control of the dose administered in bolus and
technically less complex than exposure by inhalation. In Sprague-Dawley rats exposed by
IT to 40 mg of Al2O3 particles (size 4.37 μm, γ/α crystallinity), an increase in the number of
cells, mainly macrophages but also neutrophils, and fibronectin concentrations were shown
in BALF [27]. These concentrations remain increased twelve months after instillation,
suggesting a persistence of the inflammatory phenomenon induced by Al2O3 NPs. These
results are consistent with those obtained by inhalation but provide information on the
persistence over time of the observed acute effects. BALF analysis of Wistar rats exposed
to Al2O3 NPs (6.3 nm, crystallinity unknown, 0.5 mL at 300 cm2/mL) by IT also induced
acute pulmonary inflammation [7]. Increases in polymorphonuclear cells were measured
in BALF 24 h after exposure. In addition, Al2O3 NPs showed hemolytic potential. The
effects observed in this study seem to be correlated with the surface properties of Al2O3
NPs (surface charge represented by the zeta potential in particular). Indeed, a correlation
between the zeta potential and the influx of granulocytes or the hemolytic power has been
observed for NPs with a high zeta potential [7].

Exposure by nasal instillation of Sprague-Dawley rats demonstrated other deleteri-
ous effects of alumina NPs (size and crystallinity unknown, 1–40 mg/kg) [28]. A slight
dose-dependent inflammation was observed, but impairment of alveolo-capillary barrier
permeability was also revealed by the increase in total protein concentration in BALF. The
fibrotic potential of Al2O3 particles was assessed in Sprague-Dawley rats by IT and in
NMRI mice by intraperitoneal injection [29]. The effects of different particles (different
microparticle sizes; variable crystal polymorphs α, γ, δ, and χ) were evaluated. The study
concluded that the particles usually used for the manufacture of aluminum (α and γ) had
no fibrotic effect, whereas other particles tested could induce this type of lesion. Moreover,
this study did not show any link between cytotoxic and fibrotic effects. Potential cardiac
effects of Al2O3 NPs (size 11 nm; α crystallinity; 30 mg/kg/day; over 14 days) were studied
on Sprague-Dawley rats after IT [30]. This study revealed adverse effects resulting in
electrocardiogram (ECG) disorders and an increase in myocardial (LDH, triglycerides,
creatine phosphokinase, cholesterol, nitric oxide) and inflammatory (TNF-α) damage mark-
ers. A decrease in antioxidants was also measured (reduced glutathione and superoxide
dismutase) in animal serum.

A summary of the results of in vivo studies after inhalation/instillation exposure to
alumina particles is available in Table 2.
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4. In Vitro Studies of Cytotoxic Mechanisms Induced by Alumina Nanoparticles
Exposure on Lung Cells

A study conducted on murine fibroblasts (L929 cell line) and normal human skin
fibroblasts (BJ cells) incubated with 10 to 400 μg/mL of γ-Al2O3 particles (NPs fraction of
56–91 nm and agglomerates fraction of 106–220 nm) for 24 h did not show a decrease in cell
viability nor apoptosis induction. However, the authors demonstrated the same penetration
dynamics of Al2O3 particles in both cell types [31]. These results were confirmed by more
recent experiments on human alveolar A549 epithelial cells and skin keratinocytes HaCaT
exposed for 24 h to three different Al2O3 particles (primary sizes 14 nm, 111 nm, and
750 nm; α- and α/δ crystallinities; concentrations ranging from 10 to 50 mg/L) [32].
Particles were internalized by cells in the cytoplasm but not detected in nuclei and did
not exert toxicity. A comparison of the cytotoxicity induced by different metal oxide NPs
(Al2O3, CeO2, TiO2, and ZnO) on human lung cell lines (A549 carcinoma cells and L-132
normal cells) concluded lower cytotoxicity of NPs of alumina compared to the other NPs
tested [33]. After 72 h incubation with Al2O3 NPs, no modification of the proliferation
and cell viability were observed (size 20 nm, crystallinity unknown, NPs concentrations
ranging from 1 to 1000 μg/mL). Moreover, the authors did not report a significant increase
in LDH nor reactive oxygen species (ROS) production. Park and colleagues studied the
toxicity of three types of synthesized aluminum oxide nanoparticles (AlONPs): γ-aluminum
oxide hydroxide nanoparticles (γ-AlOHNPs), γ- and α-AlONPs (diameter 180–200 nm,
exposure concentrations 5 and 20 μg/mL) [34]. They exposed for 24 h six human cell
lines to NPs, including bronchial epithelial BEAS-2B cells, and showed that γ-AlOHNPs
induced the greatest toxicity by decreasing ATP production and normalized cell index
(ICN: parameter taking into account cell number, morphology, and cell adhesion), and
increasing LDH release. They postulated that low stability in biological and hydroxyl
groups of γ-AlOHNPs plays an important role in their cytotoxicity and bioaccumulation.
Conflicting results are available in the literature regarding the effects of alumina particle
exposure on cell proliferation. A decrease in ICN of bronchial epithelial cells (cell line
169HBE14o-) was shown after exposure to Al2O3 NPs (size less than 50 nm, crystallinity
unknown) for 48 h [35]. Conversely, the exposure of pleural cells (NCI-H460 cell line) at
similar concentrations of alumina NPs (14 nm, unknown crystallinity) did not show any
significant modification of the ICN [36].

These studies seem to show that Al2O3 particles’ physico-chemical parameters (chem-
istry, size, etc.) and the cellular model used to determine the observed cytotoxicity. Particle
size also seems to play the main role in cytotoxicity mechanisms. Indeed, human A549
alveolar epithelial cells were respectively exposed to Al2O3 NPs (sizes 10 nm and 50 nm; γ
and γ/δ crystallinities) and titanium dioxide particles (TiO2, 5 nm, and 200 nm) for two
and five days. Cell metabolism and cell proliferation were then studied using Alamarblue®

and clonogenic assays. Contrary to Kim et al., they showed that Al2O3 NPs were more
cytotoxic than TiO2 [33,37]. Smaller NPs (according to their primary size) exhibiting higher
relative surface area than larger particles also induced more toxic effects, but this was
not correlated with measured hydrodynamic particle sizes (diameter of the NPs and/or
agglomerates in a biological medium). This suggests that the more important the specific
surface area of NPs is, the more Al2O3 NPs can be cytotoxic. However, the cytotoxicity of
Al2O3 NPs may not only depend on particle size. Indeed, a study investigated genotoxic
effects on human fibroblasts of different particles containing alumina (NPs, micropar-
ticles, and fibers) and did not put evidence of differences in the induction of micronu-
clei [38]. Authors hypothesized that biological effects after exposure to particles would
appear to depend on chemical composition as well as size, shape, and cell type. Recently,
Bourgois et al. also exposed 24 h A549 alveolar epithelial cells to Al2O3 particles [39]. They
did not show any effects of different particle sizes and crystallinities on normalized cell
index, cell viability, reduced glutathione, and double DNA strand breaks.

Although results of studies on Al2O3 NPs cytotoxicity do not seem to show systemati-
cally significant decreases in cell viability, these particles can induce different biological
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effects. It was shown that Al2O3 NPs (sizes 10–20 nm, crystallinity γ/α, concentrations
ranging from 1 to 250 μg/mL) exposure for 24 h led to increases in mRNA and protein
expression of VCAM-1, ICAM-1, and ELAM-1 in endothelial cells and increased adhesion
of activated monocytes [40]. This study suggests the pro-inflammatory effects of alumina
in nanoparticle form. Recently, experiments were performed on human bronchial epithelial
(HBE) cells in order to characterize microRNA expression using microarrays after Al2O3
NPs exposure for 24 h (size distribution between 5 and 100 nm, unknown crystallinity,
concentrations of 50 and 250 μg/mL) [41]. A homologous miRNA in Homo sapiens and
Mus musculus, miR-297, was significantly up-regulated following exposures to Al2O3 NPs
compared to control cells. Moreover, a few studies have reported a genotoxic potential of
alumina NPs in vitro. An increased frequency of micronuclei and chromosomal aberrations
has been observed on primary cultures of human fibroblasts exposed to alumina NPs (size
0.2 μm, crystallinity unknown, concentration ranging from 0.1 to 10 mg/culture flask).
Nevertheless, the genotoxic effects induced were less important than those obtained in
parallel with cobalt-chromium (CoCr) NPs, and no increase in DNA double-strand breaks
was demonstrated in the presence of alumina [38]. Different results were obtained in
another study, which showed that at low concentrations (10 μM to 1 mM), the alumina
NPs (size and crystallinity unknown) were at the origin of genotoxic effects without de-
creasing cell viability (except at the highest concentrations) on human peripheral blood
lymphocytes [42]. Indeed, these NPs increased single-strand breaks and oxidative DNA
damage (2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine and 7,8-dihydro-8-oxo-
2′deoxyguanosine). A third study has demonstrated the induction of DNA strand breaks
by Al2O3 NPs (13 and 50 nm, crystallinities unknown) after incubation with Chinese ham-
ster lung fibroblasts [43]. Moreover, significant oxidative stress (decrease in glutathione,
activity of superoxide dismutase, malondialdehyde, and total antioxidant capacity) was
demonstrated after exposure to concentrations ranging from 15 to 60 μg/mL. Comparison
of cytotoxic and genotoxic effects of four different NPs (oxides of cobalt, iron, silicon, and
aluminum) on human lymphocytes in a recent study has, however, demonstrated that
Al2O3 NPs cause less damage to DNA than the other NPs studied [44]. Nevertheless, they
do significantly increase the production of reactive oxygen species and lead to a significant
decrease in reduced glutathione at a concentration of 100 μg/mL. Negative results were ob-
tained during reverse mutation tests on bacteria in the presence of alumina NPs (sizes less
than 50 nm, crystallinity unknown), leading to the conclusion of an absence of mutagenic
potential of these NPs [45].

Other specific effects of alumina NPs have been demonstrated in vitro. Thereby,
alumina NPs (8–12 nm, crystallinity unknown, concentrations ranging from 1 μM to
10 mM) can induce a decrease in the expression of tight junction proteins [46]. A pre-
incubation of HBMEC cells (Human Brain Microvascular Endothelial Cells, brain cell line)
with glutathione blocks this effect, meaning that it could be a consequence of a phenomenon
related to oxidative stress induced by exposure to NPs. Furthermore, a study carried out
on erythrocytes of different species (human, rat, and rabbit) highlighted evidence of a
hemolytic power of alumina NPs (13 nm, less than 50 nm, and nanofibers 2–6 nm by
200–400 nm, crystallinities unknown) [47]. Although alumina NPs are metal oxides known
for their antimicrobial properties, they have only limited antimicrobial properties [48].
Only high concentrations (1000 μg/mL) have a moderate effect on bacterial proliferation
(Escherichia coli).

A summary of the results of in vitro studies exploring the cytotoxic effects of alumina
particles is available in Table 3.

80



Biomedicines 2022, 10, 2664

T
a

b
le

3
.

Su
m

m
ar

y
of

in
vi

tr
o

st
ud

ie
s.

R
e

fe
re

n
ce

s
C

e
ll

M
o

d
e

l
B

io
lo

g
ic

a
l

E
ff

e
ct

s
P

ri
m

a
ry

P
a

rt
ic

le
S

iz
e

P
a

rt
ic

le
C

o
n

ce
n

tr
a

ti
o

n
P

a
rt

ic
le

C
ry

st
a

ll
in

it
y

E
x

p
o

su
re

T
im

e

R
ad

zi
un

et
al

.,
20

11
[3

1]
M

ur
in

e
fib

ro
bl

as
ts

(L
92

9
ce

ll
lin

e)
an

d
no

rm
al

hu
m

an
sk

in
fib

ro
bl

as
ts

(B
Jc

el
ls

)

N
o

de
cr

ea
se

in
ce

ll
vi

ab
ili

ty
or

ap
op

to
si

s
in

du
ct

io
n.

N
Ps

in
te

rn
al

iz
at

io
n

in
bo

th
ce

ll
ty

pe
s.

50
–8

0
nm

10
–4

00
μ

g/
m

L
γ

24
h

Bo
hm

e
et

al
.,

20
14

[3
2]

H
um

an
al

ve
ol

ar
ep

it
he

lia
lc

el
ls

(A
54

9
ce

ll
lin

e)
an

d
hu

m
an

sk
in

ke
ra

ti
no

cy
te

s
(H

aC
aT

ce
ll

lin
e)

In
te

rn
al

iz
at

io
n

in
ce

ll
cy

to
pl

as
m

,n
o

de
te

ct
io

n
in

ce
ll

nu
cl

ei
,n

o
cy

to
to

xi
ci

ty
.

14
nm

11
1

nm
75

0
nm

10
–5

0
m

g/
L

α
an

d
α

/δ
24

h

K
im

et
al

.,
20

10
[3

3]
H

um
an

lu
ng

ce
ll

lin
es

(A
54

9
ca

rc
in

om
a

ce
lls

an
d

L-
13

2
no

rm
al

ce
lls

)

Lo
w

er
cy

to
to

xi
ci

ty
of

N
Ps

of
al

um
in

a
co

m
pa

re
d

to
th

e
ot

he
r

m
et

al
ox

id
e

N
Ps

te
st

ed
(C

eO
2,

Ti
O

2,
an

d
Z

nO
).

20
nm

0.
5–

10
00

μ
g/

m
L

U
nk

no
w

n
24

h,
48

h,
an

d
72

h

Pa
rk

et
al

.,
20

16
[3

4]
Si

x
hu

m
an

ce
ll

lin
es

,i
nc

lu
di

ng
br

on
ch

ia
le

pi
th

el
ia

lB
EA

S-
2B

ce
lls

γ
-a

lu
m

in
um

ox
id

e
hy

dr
ox

id
e

na
no

pa
rt

ic
le

s
in

du
ce

d
gr

ea
te

st
to

xi
ci

ty
co

m
pa

re
d

to
γ

-a
nd

α
-

A
l 2

O
3

N
Ps

.
18

0–
20

0
nm

5
an

d
20

μ
g/

m
L

α
an

d
γ

24
h

O
te

ro
-G

on
za

le
z

et
al

.,
20

12
[3

5]
H

um
an

br
on

ch
ia

le
pi

th
el

ia
lc

el
ls

(1
69

H
BE

14
o-

ce
ll

lin
e)

D
ec

re
as

e
in

no
rm

al
iz

ed
ce

ll
in

de
x

an
d

ce
ll

vi
ab

ili
ty

at
th

e
hi

gh
es

tc
on

ce
nt

ra
ti

on
s.

<5
0

nm
10

0–
10

00
m

g/
m

L
U

nk
no

w
n

48
h

Si
m

on
-V

az
qu

ez
et

al
.,

20
16

[3
6]

H
um

an
pl

eu
ra

lc
el

ls
(N

C
I-

H
46

0
ce

ll
lin

e)
N

o
m

od
ifi

ca
ti

on
of

no
rm

al
iz

ed
ce

ll
in

de
x.

14
nm

15
,6

3,
an

d
50

0
μ

g/
m

L
U

nk
no

w
n

48
h

W
ei

et
al

.,
20

14
[3

7]
H

um
an

al
ve

ol
ar

ep
it

he
lia

lc
el

ls
(A

54
9

ce
ll

lin
e)

Sm
al

le
st

N
Ps

m
or

e
cy

to
to

xi
c

(i
nh

ib
it

io
n

of
ce

ll
pr

ol
if

er
at

io
n)

.H
yd

ro
dy

na
m

ic
di

am
et

er
do

es
no

t
in

flu
en

ce
cy

to
to

xi
ci

ty
.A

l 2
O

3
N

Ps
m

or
e

cy
to

to
xi

c
co

m
pa

re
d

to
Ti

O
2

N
Ps

.

10
an

d
50

nm
0.

1–
10

m
g/

m
L

γ
an

d
γ

/δ
2

an
d

5
da

ys

Ts
ao

us
ie

ta
l.,

20
10

[3
8]

Pr
im

ar
y

hu
m

an
fib

ro
bl

as
ts

N
o

in
du

ct
io

n
of

m
ic

ro
nu

cl
ei

an
d

no
in

cr
ea

se
in

D
N

A
do

ub
le

-s
tr

an
d

br
ea

ks
.S

iz
e

an
d

sh
ap

e
of

A
l 2

O
3

na
no

-o
bj

ec
ts

do
no

ti
nfl

ue
nc

e
ge

no
to

xi
ci

ty
(m

ic
ro

nu
cl

ei
an

d
ch

ro
m

os
om

al
ab

er
ra

ti
on

).

0.
2

nm
an

d
2
μ

m
an

d
al

um
in

a
fib

er
s

(0
.9

μ
m

di
am

et
er

,1
2.

03
μ

m
le

ng
th

)

1.
33

–1
33

.3
3
μ

g/
cm

2
U

nk
no

w
n

24
h

O
es

te
rl

in
g

et
al

.,
20

08
[4

0]
Pr

im
ar

y
pu

lm
on

ar
y

ar
te

ry
en

do
th

el
ia

lc
el

ls
,h

um
an

um
bi

lic
al

ve
in

en
do

th
el

ia
lc

el
ls

,a
nd

m
on

oc
yt

es

In
cr

ea
se

s
in

m
R

N
A

an
d

pr
ot

ei
n

ex
pr

es
si

on
of

V
C

A
M

-1
,I

C
A

M
-1

,a
nd

EL
A

M
-1

in
cr

ea
se

d
ad

he
si

on
of

ac
ti

va
te

d
m

on
oc

yt
es

.

10
–2

0
nm

1–
25

0
μ

g/
m

L
α

/γ
24

h

Yu
n

et
al

.,
20

20
[4

1]
H

um
an

br
on

ch
ia

le
pi

th
el

ia
lc

el
ls

U
p-

re
gu

la
ti

on
of

ho
m

ol
og

ou
s

m
iR

N
A

in
H

om
o

sa
pi

en
s

an
d

M
us

m
us

cu
lu

s
m

iR
-2

97
.

5–
10

0
nm

(s
ca

nn
in

g
el

ec
tr

on
m

ic
ro

sc
op

y)
50

an
d

25
0
μ

g/
m

L
U

nk
no

w
n

24
h

Sl
iw

in
sk

a
et

al
.,

20
15

[4
2]

H
um

an
pe

ri
ph

er
al

bl
oo

d
ly

m
ph

oc
yt

es

In
cr

ea
se

d
si

ng
le

-s
tr

an
d

br
ea

ks
an

d
ox

id
at

iv
e

D
N

A
da

m
ag

e
(2

,6
-d

ia
m

in
o-

4-
hy

dr
ox

y-
5-

N
-m

et
hy

l
fo

rm
am

id
op

yr
im

id
in

e
an

d
7,

8-
di

hy
dr

o-
8-

ox
o-

2′
de

ox
yg

ua
no

si
ne

).

U
nk

no
w

n
Fr

om
10

μ
M

to
1

m
M

U
nk

no
w

n
24

h

Z
ha

ng
et

al
.,

20
17

[4
3]

C
hi

ne
se

ha
m

st
er

lu
ng

fib
ro

bl
as

ts
,

Sa
lm

on
el

la
ty

ph
im

ur
iu

m

G
en

ot
ox

ic
it

y
of

A
l 2

O
3

N
Ps

(A
m

es
te

st
,C

om
et

te
st

,
M

ic
ro

nu
cl

eu
s

as
sa

y,
Sp

er
m

de
fo

rm
it

y
te

st
).

A
nt

io
xi

da
nt

de
cr

ea
se

s.
13

nm
;5

0
nm

0.
5–

50
00

μ
g/

m
L

U
nk

no
w

n
12

h,
24

h,
an

d
48

h

R
aj

iv
et

al
.,

20
16

[4
4]

H
um

an
ly

m
ph

oc
yt

es

A
l 2

O
3

N
Ps

ca
us

e
le

ss
da

m
ag

e
to

D
N

A
th

an
th

e
ot

he
r

N
Ps

st
ud

ie
d

(C
o 3

O
4,

Fe
2O

3,
an

d
Si

O
2

N
Ps

).
A

l 2
O

3
N

Ps
ex

po
su

re
s

in
du

ce
d

si
gn

ifi
ca

nt
in

cr
ea

se
s

in
re

ac
ti

ve
ox

yg
en

sp
ec

ie
s

pr
od

uc
ti

on
.

<5
0

nm
10

–1
00

μ
g/

m
L

U
nk

no
w

n
24

h

81



Biomedicines 2022, 10, 2664

T
a

b
le

3
.

C
on

t.

R
e

fe
re

n
ce

s
C

e
ll

M
o

d
e

l
B

io
lo

g
ic

a
l

E
ff

e
ct

s
P

ri
m

a
ry

P
a

rt
ic

le
S

iz
e

P
a

rt
ic

le
C

o
n

ce
n

tr
a

ti
o

n
P

a
rt

ic
le

C
ry

st
a

ll
in

it
y

E
x

p
o

su
re

T
im

e

Pa
n

et
al

.,
20

10
[4

5]
Sa

lm
on

el
la

ty
ph

im
ur

iu
m

N
eg

at
iv

e
re

ve
rs

e
m

ut
at

io
n

as
sa

y:
ab

se
nc

e
of

m
ut

ag
en

ic
po

te
nt

ia
l.

<5
0

nm
10

–1
00

0
μ

g/
pl

at
e

U
nk

no
w

n
72

h

C
he

n
et

al
.,

20
08

[4
6]

H
um

an
Br

ai
n

M
ic

ro
va

sc
ul

ar
En

do
th

el
ia

lC
el

ls
(H

BM
EC

ce
ll

lin
e)

D
ec

re
as

e
in

th
e

ex
pr

es
si

on
of

ti
gh

tj
un

ct
io

n
pr

ot
ei

ns
re

la
te

d
to

ox
id

at
iv

e
st

re
ss

in
du

ce
d.

8–
12

nm
Fr

om
1
μ

M
to

10
m

M
U

nk
no

w
n

24
h

V
in

ar
de

ll
et

al
.,

20
15

[4
7]

Er
yt

hr
oc

yt
es

(H
um

an
,R

at
,R

ab
bi

t)
H

em
ol

yt
ic

po
w

er
of

A
l 2

O
3

N
Ps

.

13
nm

;<
50

nm
;

N
an

ofi
be

rs
(2

–6
nm

di
am

et
er

,
20

0–
40

0
nm

le
ng

th
)

2.
5–

40
m

g/
m

L
U

nk
no

w
n

1
h,

3
h,

an
d

24
h

Sa
di

q
et

al
.,

20
09

[4
8]

Es
ch

er
ic

hi
a

co
li

W
ea

k
an

ti
m

ic
ro

bi
al

po
w

er
at

hi
gh

co
nc

en
tr

at
io

n.
<5

0
nm

10
–1

00
0
μ

g/
m

L
γ

24
h

Bo
ur

go
is

et
al

.,
20

19
[3

9]
H

um
an

al
ve

ol
ar

ep
it

he
lia

lc
el

ls
(A

54
9

ce
ll

lin
e)

N
o

ef
fe

ct
on

ce
ll

in
de

x,
ce

ll
vi

ab
ili

ty
,r

ed
uc

ed
gl

ut
at

hi
on

e,
an

d
do

ub
le

D
N

A
st

ra
nd

br
ea

ks
.

In
te

rn
al

iz
at

io
n

of
N

Ps
in

cy
to

pl
as

m
.

10
nm

;1
3

nm
;5

00
nm

1.
56

–2
00

μ
g/

cm
2

γ
an

d
γ

/δ
24

h

82



Biomedicines 2022, 10, 2664

5. Discussion

Biological mechanisms of lung toxicity and physiopathology triggered by exposure
to alumina particles are still unclear and not sufficiently studied. The small number of
cohort studies complicates the identification of clear exposure–response relationships for
respiratory diseases [49]. In human studies, the time of population exposure and associated
comorbidities and medical background (asthma, smoker/non-smoker, etc.) are often
unknown. These studies mainly addressed worker populations. However, a recent work
was carried out by Sikkeland et al. on the sputum of healthy volunteers never-smokers,
with no allergy and respiratory diseases, free from respiratory infections 4 weeks prior and
with a standardized FVC (Forced Vital Capacity)/FEV 1 ratio of 80 ± 1.9 [9]. To the best of
our knowledge, it is to date the only existing study addressing specifically inflammatory
effects of Al2O3 particles (neutrophils and IL-8 increased concentrations) and localized
respiratory effects on humans. However, the duration of exposure is only 2 h, while
occupational exposure may be for longer durations. Interestingly, they performed sputum
collection as increase in neutrophil concentration was characterized among other workers
exposed to other pollutants in several different industries, such as paper mills, popcorn
factories, cement industry, pig farming, fish feed production, and waste handling. Sputum
collection was realized until 24 h after exposure because collecting induced sputum several
times within 48 h would be problematic since the sputum induction process may also
lead to inflammation [50]. Consequently, sputum collection may be considered to analyze
early lung pro-inflammatory effects on humans after exposure, but no further. To analyze
the chronic inflammatory response, BALF collection on healthy human volunteers is not
considered ethically acceptable as it is invasive and painful. However, such analysis remains
essential on anesthetized animals to correctly describe pro-inflammatory mechanisms
potentially involved in lung diseases.

Human studies are often not specific to alumina particle toxicity, as workers may inhale
a mix of pollutants in the occupational environment. Interestingly, Mazzoli-Rocha et al.
exposed by whole-body inhalation BALB/c mice to dust (mainly Al2O3 particles) collected in
an aluminum-producing facility, and they showed impaired lung mechanics associated with
inflammation (influx of polymorphonuclear cells) [51]. In order to improve the knowledge of
pro-inflammatory effects caused specifically by alumina particle exposure, two studies were
performed recently by nose-only inhalation. On the one hand, Kim et al. exposed rats for
one month to different concentrations (ranging from 0.2 to 5 mg/m3) of Al2O3 NPs, showing
strong inflammatory cytokine secretion in BALF [15]. However, particle crystallinity was not
characterized by the authors. Several physico-chemical properties of Al2O3 NPs are often
missing and/or not sufficiently characterized in scientific studies. Particle concentration,
size distribution, surface chemistry, and NPs crystallinity seem to have a great impact on
biological effects [52]. Alumina has several crystalline phases, and transitions between
them occur as follows: γ-Al2O3 → δ-Al2O3 → θ-Al2O3 → α-Al2O3 [53]. Three other crystal
forms also exist but are in the minority: η, χ, and κ [54]. Crystalline phase α-Al2O3 is
the thermodynamically stable one, whereas γ, δ, and θ phases correspond to transition
metastable alumina particles [53,55]. Therefore Al2O3 NPs crystallinity is an important
physico-chemical parameter to characterize, as it was shown that these NPs could induce
or not fibrotic effects depending on their crystallinities [29]. This was also demonstrated in
several human cell lines, including bronchial or alveolar epithelial cells, that cytotoxicity
could be modulated depending on the crystallinities of Al2O3 particles [34,39]. On the
other hand, Bourgois et al. exposed rats by nose-only inhalation to a strong concentration
of γ/δ-Al2O3 NPs, also showing increased inflammatory response after five days [14].
However, only one elevated concentration (20 mg/m3) of these well-characterized NPs
was administrated to animals for only early analysis of pro-inflammatory effects. Different
concentrations of Al2O3 particles could also be administered to rats in order to better
establish dose-effects curves and consequently to build regulatory toxicological values. To
date, in France, the average exposure limit value is 10 mg/m3 for total alumina dusts, which
corresponds to the regulatory limit for the metal aluminum. Therefore, animal studies
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will play a major role in establishing new occupational exposure limit values for alumina
particles and nanoparticles.

Pro-inflammatory mechanisms triggered by nose-only inhalation exposure of Al2O3
NPs seem to involve an increase in neutrophils, lymphocytes, and macrophages afflux in
BALF in association with pro-inflammatory cytokines secretion and LDH release [14,15].
This result was also observed after whole-body inhalation of Al2O3 NPs [16]. Some authors
hypothesized that Al2O3 NPs could stimulate the NFκB pathway [36]. NFκB can contribute
to inflammasome regulation, which is involved in IL-1β synthesis [56,57]. This pathway is
also known to be activated in the lungs of patients with COPD [58]. The release of IL-1β
in BALF may be linked to TNF-α secretion observed in several studies [14,15,28,30]. It
has also been demonstrated that in the context of acute inflammation, IL-1β contributes to
TNF-α-mediated chemokine release and neutrophil recruitment to the lung [59]. However,
IL-6 secretion was not systematically increased in BALF after inhalation of Al2O3 NPs. We
hypothesize that it may be attributed to Al2O3 NPs concentration administrated to animals,
as Li et al. showed increased IL-6 concentration after seven days of exposure to 0.4 mg/m3,
while no IL-6 increase was found by Bourgois et al. after four days of exposure to roughly
20 mg/m3 [14,16]. However, the crystallinity of Al2O3 NPs used by Li et al. is unknown,
and exposure durations are different between both studies. Consequently, the conclusion
about the mechanism triggering IL-6 secretion is hard to explain because studies cannot
rigorously be compared. Another study was realized on C57Bl/6 J male mice exposed
to aluminum oxide-based nanowhiskers (3.3 ± 0.6 mg/m3) using a dynamic whole-body
exposure chamber for 2 or 4 weeks [60]. These sub-chronic exposures induced an increase
in lung macrophage concentration but did not induce an increase in pro-inflammatory
cytokines release (i.e., IL-6, IFN-γ, MIP-1α, TNF-α, and MIP-2). This result is contradictory
with previous other studies performed on spherical Al2O3 NPs where pro-inflammatory
cytokines (i.e., IL-6, IL-1β, TNF-α, and MIP-2) were released in BALF after one or four weeks
of exposure [14,15]. Therefore, the nano-objects shape could also play an important role
in Al2O3 NPs toxicity and associated pro-inflammatory effects on the lungs. Some other
cytokines, such as MIP-2 and GRO/KC, may play a role in the early pulmonary inflammation
contributing to polymorphonuclear cell recruitment within 24 h after exposure. Several
studies demonstrated down-regulation of their secretion in BALF or nasal fluid lavage
after several days [14,61]. Overall, in order to study chronic toxic and pro-inflammatory
effects of Al2O3 NPs, it would be interesting to perform longer studies or to house animals
longer after inhalation exposure. These studies may allow bettering determining if pro-
inflammatory effects are reversible or if diseases such as COPD, emphysema, or pulmonary
fibrosis may occur. As alumina is classified in “aluminum production” as carcinogenic to
humans (Group 1) by the International Agency for Research on Cancer, long-term studies
are essential. To the best of our knowledge, only one long-term study showed that up
to one year after intra-tracheal exposure of rats to Al2O3 particles [29]. None of the five
aluminas (α- and γ- crystalline phases) used for primary aluminum production showed any
fibrogenic potential, while chemical grade Al2O3 particles or laboratory-produced samples
induced fibrogenic lesions in the lung parenchyma. It would also be interesting to explore
after pro-inflammatory and pro-fibrogenic effects of Al2O3 particles after inhalation that
might modify Al2O3 particles’ lung burden and, consequently, biological effects compared
to intra-tracheal instillation exposure.

Lung pro-inflammatory mechanisms triggered specifically by Al2O3 particles are
not sufficiently explored in in vitro studies. To the best of our knowledge, only Oster-
ling et al. have investigated mRNA and protein expression of adhesion molecules of
monocytes on endothelial cells (VCAM-1, ICAM-1, and ELAM-1) [40]. In order to reduce
animal experiments and to better understand pro-inflammatory mechanisms and chronic
effects, new 3D in vitro models have been recently developed. A recent literature review
highlights the benefits of using 3D co-culture models to investigate the complexity of
cellular interactions during pulmonary inflammation [62]. A specific in vitro mini-lung
fibrosis model equipped with non-invasive real-time monitoring of cell mechanics was
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developed [63]. This in vitro model combined a co-culture of three cell types: epithelial
and endothelial cell lines incubated with primary fibroblasts from idiopathic pulmonary
fibrosis patients. Cells are cultivated on a biomimetic ultrathin basement (biphasic elastic
thin for air–liquid culture conditions, BETA) membrane (<1 μm) developed with unique
properties, including biocompatibility, permeability, and high elasticity (<10 kPa) for cell
culturing under air–liquid interface (ALI). This cellular model may allow us to study more
precisely pro-inflammatory or pro-fibrogenic mechanisms following exposures to Al2O3
NPs, taking into account the elasticity of the alveolo-capillary barrier in ALI and real-time
measurements. Other studies also suggest using cell co-culture, including fibroblasts, to in-
vestigate the inflammatory and pro-fibrogenic effects of inhaled components. For instance,
Barosova et al. recently published the development of a three-dimensional alveolar model
consisting of human primary alveolar epithelial cells, fibroblasts, and endothelial cells,
with or without macrophages [64]. Cell co-cultures are cultivated on bicameral chambers
in ALI and mimic the alveolo-capillary barrier. Pulmonary cells can be exposed with the
help of specific commercialized devices to particle mist. This type of cellular model could
be interesting in exploring long-term cytotoxic and pro-inflammatory mechanisms in vitro.

6. Conclusions

This review is a critical update of the current knowledge on underlying toxicologi-
cal, molecular, and cellular mechanisms induced by exposure to Al2O3 NPs on the lungs.
Human and animal studies point out that inhalation of Al2O3 particles can induce alu-
minosis, local respiratory symptoms (cough, shortness of breath), and pro-inflammatory
response and may trigger long-term pulmonary fibrosis. Not enough cohort studies and
clinical studies on healthy volunteers are performed to better understand these mechanisms
and to establish clear exposure–response relationships. In studies with animals or cells,
physico-chemistry of Al2O3 particles has to be extensively analyzed and published in
order to improve the understanding of related biological effects. Inhalation exposures are
closer to realistic environmental exposures, and long-term animal studies are necessary to
determine whether pro-inflammatory reactions may reverse or turn into fatal diseases such
as pulmonary fibrosis. Three-dimensional co-culture models may also allow studying these
underlying pro-inflammatory and cytotoxic mechanisms for several weeks of exposure,
as it was recently performed [64,65]. Consequently, in order to improve the analysis of
pro-inflammatory and pro-fibrogenic effects, a combination of long-term animal studies by
inhalation exposures and the use of dedicated 3D co-culture models is needed.
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Abstract: Anxiety disorder is one of the most reported complications following organophosphorus
(OP) nerve agent (NA) exposure. The goal of this study was to characterize the long-term behavioral
impact of a single low dose exposure to 4-nitrophenyl isopropyl methylphosphonate (NIMP), a sarin
surrogate. We chose two different sublethal doses of NIMP, each corresponding to a fraction of the
median lethal dose (one mild and one convulsive), and evaluated behavioral changes over a 6-month
period following exposure. Mice exposed to both doses showed anxious behavior which persisted for
six-months post-exposure. A longitudinal magnetic resonance imaging examination did not reveal
any anatomical changes in the amygdala throughout the 6-month period. While no cholinesterase
activity change or neuroinflammation could be observed at the latest timepoint in the amygdala of
NIMP-exposed mice, important modifications in white blood cell counts were noted, reflecting a
perturbation of the systemic immune system. Furthermore, intestinal inflammation and microbiota
changes were observed at 6-months in NIMP-exposed animals regardless of the dose received. This is
the first study to identify long-term behavioral impairment, systemic homeostasis disorganization and
gut microbiota alterations following OP sublethal exposure. Our findings highlight the importance of
long-term care for victims of NA exposure, even in asymptomatic cases.

Keywords: 4-nitrophenyl isopropyl methylphosphonate; mood disorder; anxiety; sarin surrogate;
sublethal exposure; dysbiosis; microbiota

1. Introduction

Several recent high-profile uses of chemical warfare agents (CWA) derived from
organophosphorus (OP) compounds have brought them back to attention in the past few
years. These include their use in the Syrian conflict (2013–2017) and three separate targeted
attacks between 2017 and 2020 resulting in Kim Jong-Nam’s death and the poisonings of
Sergei Skripal and Alexei Navalny [1]. These events all took place more than two decades
after the first documented uses of OP nerve agents (NA) during the Iran–Iraq armed
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conflict and in two terrorist attacks in Japan, for which long-term neurological sequelae are
still emerging [2,3]. However, the NA dose exposure could not be quantified in either of
these reports, and while the described NA exposure was combined with sulfur mustard
in Talabani et al. [3], similar symptoms were observed particularly in visual (lacrimation,
impaired ability to focus, ocular pain, etc.) and neuropathophysiological areas (headache,
numbness, confusion, agitation, etc.) as well as in less-suspected organs (abdominal pain,
nausea, and a higher prevalence of respiratory infection). Post-traumatic stress responses
were also highly enhanced in sarin-exposed Tokyo victims, correlating with observations
made in Gulf War (GW) veterans exposed to high doses of OP (dichlorvos) and carbamate
(lindane, bendiocard) pesticides and pyridostigmine bromide (PB) pills and/or NA [4].
These reports therefore highlight the need to meticulously investigate the long-term effects
of NA exposure.

Pathophysiologically, NA, OP and carbamate pesticides as well as PB inhibit
cholinesterase (ChE), leading to toxic hypercholinergy throughout the body. At the cellular
level, acetylcholine accumulation appears at neuromuscular junctions and in synapses,
inducing any number of symptoms including fasciculation, hypersecretion, muscle con-
tractions, tetany, tremors and convulsion [5]. Acute exposure to large doses of OP results
in muscle paralysis, respiratory distress and ultimately death in only a few minutes post-
exposure. This can be avoided by providing an antidote therapy containing a muscarinic
cholinergic receptor antagonist (atropine sulfate) and an oxime (pralidoxime, asoxime, etc.)
with a strong nucleophile to reactivate the OP-inhibited acetylcholinesterase (AChE). Anti-
convulsant medications are also added to the antidote therapy to avoid epileptic seizures
and subsequent brain damage [6,7]. However, animal models have revealed that even if
the pharmaceutical-based intervention stabilizes the convulsions and improves survival,
it is still not enough to avoid long-term neurologic deficits [8]. In addition, other animal
models exposed to lower doses of OP have also exhibited long-term neuropsychological
dysfunctions, specifically anxiety, depression and cognitive deficits [8–10]. These results
correlate with the delayed neurological consequences observed in humans after acute OP
intoxication, specifically regarding anxiety-related behavior and cognitive deficits [4,11–13].
Nevertheless, clarification is needed in animal models, as a single low-dose exposure to OP
induces only transient behavioral changes [14] and long-term deficits require concurrent
stress [10] or repeated exposure to NA [14–16].

Restrictions regulating CWA use and storage are a major restraint to the study of
OP-based NA neurotoxicity. Recently, using the sarin surrogate 4-nitrophenyl isopropyl
methylphosphonate (NIMP), we developed a murine model to facilitate investigation in
CWA-unauthorized laboratories [17]. NIMP is less toxic than sarin, but it has proven
itself to be highly effective at inhibiting ChE in vitro and in vivo [18–22]. Furthermore,
it can reproduce several features of sarin intoxication, including seizure-like behavior,
cortical and hippocampal neuropathologies, neuroinflammatory processes and memory
impairment in rodents [17,18,20,22]. These findings thus offer great promise for the study
of the consequences of longer-term NIMP exposure in order to better anticipate neurologic
sequelae induced by NA exposure.

The aim of this study was to characterize the long-term effects of a single NIMP
exposure in mice by evaluating two different sublethal OP doses (0.5 and 0.9 LD50) for
over 6 months. For this, we evaluated cerebral and blood ChE inhibition, neuroinflamma-
tion, systemic inflammation, behavioral modifications, anatomical and diffusion magnetic
resonance imaging (MRI) and gut microbiota impacts at different timepoints for up to
6 months post-exposure. Our results demonstrate that exposure to a low dose of NA has
the potential to disrupt gut microbiota and immune homeostasis as well as alter emotional
behavior in the long-term.
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2. Materials and Methods

2.1. Animals

All experimental procedures were approved by the SSA animal ethics committee ac-
cording to applicable French legislation (Directive 2010/63/UE, decret 2013-118). To avoid
any potential sexually dimorphic effect, only male Swiss mice (Janvier Labs, Genest-Saint-
Isle, France) aged 7 to 8 weeks were housed, with four per cage on a 12 h/12 h light/dark
cycle with food and water ad libitum. After a 7-day acclimation period, the animals were
randomly assigned to their dedicated experiment. Animal group housing was the same
before and after the NIMP challenge. Nine-week-old animals were used for the OP challenge.

2.2. NIMP Exposure

4-nitrophenyl isopropyl methylphosphonate (NIMP), used as a sarin surrogate, was
synthesized by Dr. Rachid Baati (Université Strasbourg, CNRS UMR 7199, Strasbourg, France)
according to a previously reported procedure [21]. On day 0, mice received a single
subcutaneous injection (10 mL/kg) of NIMP (LD50 = 0.63 mg/kg), freshly diluted in
0.9% NaCl at two different sublethal doses (0.5 or 0.9 LD50). LD50 was estimated using
the improved method of Dixon′s up-and-down procedure described by Rispin et al. [23].
Control mice (CTL) received a similar vehicle injection. Mouse weight was monitored
before the intoxication, every day during the first week following NIMP exposure, twice
per week for up to 3 months and then once per week up until 6 months post-intoxication.

2.3. Behavioral Observation
2.3.1. Intoxication Severity Scale

All behavioral changes observed in NIMP-exposed mice during the first hour post-
intoxication compared to CTL were noted at their onset and considered as observable
signs of intoxication. Thirteen intoxication levels (12 signs) were used, grading animals
from normal (=0) to death (=12) (Figure 1a). For the entirety of this study, 165 mice were
evaluated including 54 CTL mice, 55 mice exposed to 0.5 LD50 and 56 mice exposed to
0.9 LD50 of NIMP.

2.3.2. Anxiety-like Behavior Tests

Before and every month after NIMP exposure, anxiety behaviors were evaluated for
each group of mice (CTL n = 14; 0.5 LD50 n = 15; 0.9 LD50 n = 16). Anxiety tests are based
on the balance between the natural tendency of mice to explore novel environments and
their apprehension for open and bright areas. This approach–avoidance conflict results in
behaviors correlated with an increase in physiological stress indicators. A new anxiety test
was performed every month to avoid test habituation and exploration diminution during
the task. Tests were randomly selected. Due to the similarity of the elevated plus maze
(EPM) and elevated zero maze (EZM) tests, these tests were assigned to the first and the
last period of the study, respectively.

• Open-field test: square area or circular area
Mice were placed for 5 min in either an empty square open-field (45 × 45 cm) or
circular open-field (40-cm diameter) box surrounded by high walls to prevent escape.
The test period was videorecorded, and the activity of the animal over time was
analyzed using EthoVision XT software (Noldus, Wageningen, The Netherlands). The
distance, speed and time spent walking around the outer edge of the box vs. the center
(square or round area depending on the open-field shape) of the box were evaluated.

• EPM test or EZM test
The EPM apparatus consists of a raised maze (80 cm off the floor) with four arms in a
cross shape: two arms are exposed to the open air, and the other two arms are enclosed.
EZM is a circular apparatus with dark enclosed sections alternating with open sections.
Mice were placed in the maze for a 5-min period. The test period was videorecorded,
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and the activity of the animal over time was analyzed using EthoVision XT software.
The time spent in the open arms was evaluated.

• Staircase test
The staircase contains six identical steps (2.5 cm high and 7.5 cm deep) enclosed
between vertical walls (10 cm wide). Wall levels are constant along the staircase. Each
mouse was placed individually at the bottom of the staircase for a 5-min observation
period. The top step (5th step) is considered to be the most anxious for mice, as it is
more elevated and brighter than the others. The number of rearings on the 5th step
was recorded and used as the anxiety index.

• Dark–light box test
The dark–light box apparatus is divided into two compartments: a light one (white,
bright and without a lid) and a dark one (black, closed and covered). Mice were placed
in the light compartment and videorecorded for a 5-min period. The time spent in
both compartments was evaluated using the EthoVision XT software.

• Neophobia test
This test is based on the appetence for sugar in mice and was adapted from the
“Novelty Suppressed Feeding Test” without food restriction. Mice were placed in a
bright box with chocolate cereal in the center of a platform and videorecorded for a
10-min period. The platform visit frequency was measured using the EthoVision XT
software.

2.4. Cholinesterase Activity and Multiplex Biomarker Assays

At different timepoints (6 h, 24 h, 3 days, 7 days, 1 month and 6 months) after NIMP
exposure, animals were deeply anesthetized with pentobarbital. Immediately afterwards,
blood samples (800 μL) were collected by intracardial sampling with a syringe and mice
were transcardially perfused with 15 mL of cold NaCl (0.9%). Blood samples were divided
and prepared for two separate analyses, with 400 μL containing 60 μL of 1.6% EDTA to
avoid platelet aggregation and 400 μL used for serum analyses. Blood samples with EDTA
were used to count white blood cells (WBC). Mononuclear and polynuclear cell counts
were carried out using an IDEXX ProCyte Dx Hematology analyzer.

Brains were quickly removed and dropped in cold saline buffer before being sliced in
2-mm-thick coronal sections. The piriform cortex and amygdala were dissected, collected in
microtubes and frozen in dry ice. Samples were homogenized in 50 mM phosphate buffer
(pH 7.4)/0.5% Tween using a bead mill homogenizer (OMNI International) with 1.4-mm
ceramic beads and centrifuged at 10,000× g (4 ◦C) for 10 min. The resulting supernatants
were stored at −80 ◦C. Total protein concentrations were determined using the DC Protein
Assay (Bio-Rad, Marnes-la-Coquette, France) according to the manufacturer’s protocol.

2.4.1. Cholinesterase Inhibition Assay

Total ChE activity was determined using the Ellman method by adding 5 μL of
piriform cortex and amygdala sample to 0.22 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB,
Sigma Aldrich, St-Quentin Falavier, France) in phosphate buffer (pH 7.4). In parallel,
0.1 mM ethopropazine hydrochloride (Sigma Aldrich) was added for AChE-specific activity
analyses. After a 15-min baseline reading to account for thiols present in the samples,
1 mM acetylthiocholine (Sigma Aldrich) was added and the reaction between thiocholine
and DTNB was monitored for 30 min at 412 nm and at 25 ◦C in a microplate reader
(Spark 10, Tecan). All samples were assayed in duplicate. Activities of the piriform cortex
and amygdala samples were normalized to total protein concentration for each sample.
The final results were expressed as percentages of average CTL activity.
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2.4.2. Milliplex Multiplex Assays

Cerebral and serum concentrations of KC, IL-1α, IL-10, IL-9, IL-17, GM-CSF, M-CSF
and G-CSF were measured using the Milliplex MCYTMAG-70K-PX32 (Merck-Millipore,
Burlington, MA, USA) according to the manufacturer’s protocol.

2.5. Anatomical Examination
2.5.1. In Vivo MRI and Analysis

MRI scans were performed with a Bruker Biospec 70/30 (7T) preclinical scanner
(Bruker Biospin MRI, Ettlingen, Germany). Images were acquired and reconstructed, and
parametric maps were generated using Paravision 6.0.1 (Bruker Biospin MRI, Ettlingen,
Germany). Mice were imaged at five timepoints (48 h prior to intoxication and 72 h,
7 days, 1 month and 6 months post-NIMP exposure). Immediately prior to imaging,
animals were anesthetized with 5% isoflurane and thereafter maintained with 2% isoflu-
rane in a 70%/30% mixture of NO2/O2. Body temperature was maintained at 37 ◦C,
with a respiration rate of 50–70 breaths per min. High resolution T2 sequences were per-
formed using the following parameters: repetition time (TR) = 3500 ms, effective echo time
(TE) = 40 ms, field of view (FOV) = 17.92 × 17.92 mm2 (256 × 256 data matrix) and 18 slices
with a 0.5-mm thickness. Diffusion-weighted images (DWI) were collected using the fol-
lowing parameters: TR = 2500 ms, TE = 22 ms, FOV = 20 × 20 mm2 (128 × 128 data matrix),
eight slices with a 0.8-mm thickness, three diffusion-weighted orthogonal directions with
b = 650 s/mm2 and a total acquisition time of 16 min. Apparent diffusion coefficient
(ADC) maps were generated and volumes of interest (VOI) were manually traced on ADC
parametric maps around the amygdala brain region.

2.5.2. Histology

Six months post-NIMP exposure, mice were deeply anaesthetized with pentobarbital
and transcardially perfused with 10 mL of cold NaCl (0.9%), followed by 30 mL of 4%
paraformaldehyde (PFA) in phosphate buffer.

• Microglia staining
Brains were quickly removed and immersed in cold 4% PFA for overnight post-fixation.
Brains were cryoprotected for 24–48 h in cold 20% sucrose and then frozen in −40 ◦C
isopentane. All brains were sliced in 14-μm coronal sections using a cryostat, and
slices were sequentially mounted on Superfrost + slides (VWR, Radnor, PA, USA).
Immunofluorescent labeling with rabbit anti-IBA1 (1/1000, Wako, USA), detected by
anti-rabbit 555 (1/500, Invitrogen, Waltham, MA, USA), was performed on one slide
per animal to analyze microglial reactivity. Fluorescent labeling of the amygdala was
imaged using an automated Leica DM6000 B research microscope (Leica Microsystems,
Wetzlar, Germany), and the two hemispheres of three different slices were analyzed
for each animal. All acquisitions were performed using the same acquisition setup.
Stereotaxic consistency between animals was maintained with the help of a reference
mouse brain atlas [24]. Analyses were performed using the ImageJ software. To
quantify Iba1 staining, we performed an area fraction analysis. Briefly, after setting
a threshold, the pixels in the image with values inside this range were converted to
white, whereas pixels with values outside this range were converted to black. The
threshold was determined to obtain a clear area representing IBA1 labeling in CTL
animals. The same threshold was applied to each image of all animal groups. This
analysis measured the area of labeling in regions of interest.

• Gut histology
The Swiss-rolling technique was used to examine complete colonic sections. This
technique helps in the histological assessment of the complete colonic sections ex-
amined. The result is an intestinal roll which allows for the scanning of a large part
of the intestine. The intestinal villi and the epithelial lining remain intact despite
being rolled up. Following PFA fixation, the organs were rinsed with distilled water
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and dehydrated. Samples were cut at a thickness of 4 μm on a rotary microtome
(LEICA®). Hematoxylin-eosin-saffron staining was performed on successive sections
for structural and functional analysis of the colon. The length of villi, number of goblet
cells and area of immune infiltrates were quantified manually using Histolab software
(GT Vision, UK).

2.6. Gut Microbiota Modification
2.6.1. Gram+/Gram− Ratio Determination

To observe the bacterial microflora, a fecal smear of each animal was performed using
the Gram staining technique. For this, the colon was cut lengthwise and the feces were
directly removed, diluted in 500 μL of 1X PBS (Gibco) and spread on a slide. Differential
staining of Gram+ bacteria from Gram− bacteria was performed using the Gram−Hucker
R Kit (RAL Diagnostics). The Gram+/Gram− ratio was determined for the entire smear by
microscopy using a 40× objective.

2.6.2. Assessment of Gut Microbiota Composition by High-Throughput Sequencing

DNA extraction, 16S rRNA gene amplification, 16S rDNA amplicon library prepara-
tion and sequencing were carried out by SMALTIS (http://www.smaltis.fr/, accessed on
26 September 2019). DNA was extracted from 200 mg of distal colonic luminal con-
tent using the QIAamp Fast DNA stool Mini Kit (Qiagen) according to the manufac-
turer’s recommendations (isolation of DNA from stool for pathogen detection). The
V3–V4 region of the 16S rRNA gene was amplified using AccuStart™ II PCR ToughMix
(QuantaBio) and the following primers: V3F “CTTTCCCTACACGACGCTCTTCCGATC-
TACGGRAGGCAGCAG” (344F) and V4R “GGAGTTCAGACGTGTGCTCTTCCGATCT-
TACCAGGGTATCTAATCCT” (802R). The thermocycler was programmed with an initial
DNA denaturing step at 95 ◦C for 2 min followed by 30 cycles at 95 ◦C for 1 min, 65 ◦C
for 1 min, 72 ◦C for 1 min and a final extension step at 72 ◦C for 10 min. Ligation of
MiSeq sequencing adapters was performed by PCR using the MTP™ Taq DNA Polymerase
(Sigma) and the following thermocycler conditions: 94 ◦C for 1 min followed by 12 cycles
at 95 ◦C for 1 min, 65 ◦C for 1 min, 72 ◦C for 1 min and a final extension step at 72 ◦C for
10 min. Sequencing was performed on a MiSeq device using the 2 × 250bp V3 kit. The
remaining adapter/primer sequences were trimmed, and reads were checked for quality
(≥20) and length (≥200 bp) using cutadapt [25]. Reads were further corrected for known
sequencing errors using SPAdes [26] and then merged using PEAR [27]. Operational tax-
onomic units (OUTs) were identified using a Vsearch pipeline [28] set up to dereplicate
(–derep_prefix –minuquesize 2), cluster (–unoise3) and chimera check (uchime3_denovo)
the merged reads. OTU taxonomical classification was performed using a classifier from
the RDPTools suit [29].

2.7. Statistics
2.7.1. General Statistics

Data were expressed as means ± standard deviation (SD) and analyzed using PRISM
7 software (GraphPad, San Diego, CA, USA). Statistical tests and sample sizes are indicated
in the figure legends and figures, respectively. Graphs display the mean and error bars
represent the SD. The significance between groups is denoted by * p < 0.05, ** p < 0.01,
*** p < 0.001 or **** p < 0.0001.

2.7.2. Microbiota-Specific Statistics

Statistical analyses were run using the R programming language and software to-
gether with the gplots, gdata, vegan (http://cran.r-project.org/package=vegan, accessed on
3 March 2020), ade4, Hmisc, corrplot and phangorn packages. OTU counts were normalized
via simple division to their sample size and then multiplied by the size of the smallest sample.
α-diversity and richness were estimated using diversity and estimateR. The distance matrix
for β-diversity analysis was computed using vegdist and the Bray–Curtis method. Principal

94



Biomedicines 2022, 10, 1167

coordinates analysis was computed on a distance matrix using dudi.pco. Associations
between the microbiota composition at the genus level, anxiety-like behavior measurements
and mononuclear cell percentages were assessed using rcorr. The Kruskal–Wallis rank sum
test and post hoc Dunn’s all-pairs rank test were used as required to detect differences
between groups. p-values were adjusted as necessary using false discovery rate correction.

3. Results

3.1. General Effects of NIMP Intoxication

The severity of NIMP intoxication was evaluated based on our intoxication scale
(Figure 1a). This scale includes 12 relevant behavioral changes, from no behavioral per-
turbation to death, the maximum on our scale. Almost all mice exposed to 0.5 LD50 of
NIMP displayed fasciculation and face stereotypies (chewing, yawning), considered as
light intoxication symptoms. On the other hand, the majority of the 0.9 LD50-exposed mice
presented long-lasting convulsions. This dose was thus selected to be the high sublethal
dose in our study. The mean intoxication scores were 2.5 ± 0.2 for 0.5 LD50 and 10.4 ± 0.2
for the 0.9 LD50-exposed mice (Figure 1b). Six animals (10.7%) exposed to the highest dose
and none exposed to the lowest dose died in the first day following the NIMP challenge.
No delayed death was observed.

As expected, measurements of cerebral ChE activities in mice exposed to 0.9 LD50
revealed a significant important total ChE inhibition 6 h after intoxication (5.4 ± 0.6%
of ChE activity). Late measurements showed a persisting significant inhibition until
1-month post-intoxication (72.5 ± 6.7% of ChE activity), with recovery being complete
6 months post-exposure (Figure 1c). Exposure to 0.5 LD50 induced a large inhibition of ChE
activity (36.9 ± 4.6%) at 6 h post-exposure. The recovery appeared incomplete at 1 month
(81.7 ± 5%) and 6 months after exposure at this dose (77 ± 13%); however, it was not
significant from CTL activity (Figure 1c). Interestingly, the profile of AChE activity was the
same as the total ChE activity for both doses (Figure 1d), suggesting that in the CNS, the
majority of ChE activity is due to AChE activity.

Finally, the evolution in weight gain during the 6 months post-exposure revealed a
significant loss of weight for only the 0.9 LD50-exposed mice during the first week after
intoxication. One month after exposure, the change in mean body weight of the exposed
animals reached the change in body weight of the CTL group. Interestingly, the 0.5 LD50-
exposed mice did not display any difference in weight gain at any time compared to the
CTL group (Figure 1e).

3.2. Anxiety-like Behavior Modification

Anxiety-related behaviors were evaluated every month after NIMP exposure. To
avoid any test habituation, a new anxiety test was performed for each measurement.
The initial test, which was performed before any intoxication, showed no difference in
terms of the time passed exploring the center zone in the square area open-field and
was thus considered as the anxiety level baseline (Figure 2a). One month after NIMP
intoxication, the time passed in the open arms of the EPM significantly decreased in the
NIMP-intoxicated animals compared to the CTL (Figure 2b). The number of rearings on the
5th step of the staircase measured on the second month post-exposure did not show any
significant difference between groups, even though this number was slightly decreased
in both NIMP intoxication groups (Figure 2c). In contrast, the recovery was complete
3 months post-exposure, since the time passed in the light box during the dark–light box
test was equivalent between groups (Figure 2d). Four months post-intoxication, the time
passed exploring the center zone in the circular area open-field decreased drastically in
the 0.9 LD50-exposed mice group, while the 0.5 LD50-exposed mice did not show any
difference with the CTL group (Figure 2e). Finally, the two NIMP-intoxicated animal groups
at 5 and 6 months post-NIMP exposure showed a significant increase in the anxiety index,
as measured by the decreased frequency of food zone exploration in the neophobia test
and the time passed in the open arms in the O-maze (Figure 2f,g).
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Figure 1. General effects of NIMP intoxication. (a) Intoxication scale based on the most relevant
behavioral signs. (b) Average intoxication score induced by the two doses of interest: 2.55 ± 0.17 for
0.5 LD50 and 10.38 ± 0.16 for 0.9 LD50. (c) ChE activity at different timepoints post-NIMP exposure:
6 h (100 ± 11.5 for 0 LD50; 37.0 ± 4.6 for 0.5 LD50 and 5.4 ± 0.6 for 0.9 LD50); 24 h (100 ± 13.6 for
0 LD50; 43.0 ± 4.5 for 0.5 LD50 and 11.3 ± 1.3 for 0.9 LD50); 3 days (100 ± 9.6 for 0 LD50; 63.5 ± 8.8
for 0.5 LD50 and 29.0 ± 4.4 for 0.9 LD50); 7 days (100 ± 6.3 for 0 LD50; 64.8 ± 3.2 for 0.5 LD50 and
39.7 ± 3.3 for 0.9 LD50); 1 month (100 ± 6.7 for 0 LD50; 81.7 ± 5.0 for 0.5 LD50 and 72.5 ± 6.7 for
0.9 LD50) and 6 months (100 ± 17.2 for 0 LD50; 77.0 ± 13.7 for 0.5 LD50 and 98.9 ± 14.6 for 0.9 LD50);
(n = 8 per group). Significant differences were determined by one-way ANOVA (F = 51.45, p < 0.0001
for 6H; F = 26.45, p < 0.0001 for 24H; F = 19.82, p < 0.0001 for 3D; F = 42.6, p < 0.0001 for 7D; F = 4.99,
p = 0.02 for 1M and F = 0.76, p = 0.48 for 6M) with Dunnett’s post hoc test compared to the CTL group
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(**** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05). (d) AChE activity at different timepoints
post-NIMP exposure: 6 h (100 ± 11.9 for 0 LD50; 37.1 ± 4.5 for 0.5 LD50 and 5.3 ± 0.7 for 0.9 LD50);
24 h (100 ± 14.6 for 0 LD50; 44.3 ± 5.4 for 0.5 LD50 and 12.6 ± 1.3 for 0.9 LD50); 3 days (100 ± 8.7 for
0 LD50; 68.0 ± 12.0 for 0.5 LD50 and 37.9 ± 6.0 for 0.9 LD50); 7 days (100 ± 5.6 for 0 LD50; 68.9 ± 4.2
for 0.5 LD50 and 40.9 ± 2.3 for 0.9 LD50); 1 month (100 ± 6.8 for 0 LD50; 82.2 ± 5.2 for 0.5 LD50 and
75.3 ± 7.2 for 0.9 LD50) and 6 months (100 ± 19.3 for 0 LD50; 74.8 ± 14.1 for 0.5 LD50 and 93.5 ± 15.1
for 0.9 LD50); (n = 8 per group). Significant differences were determined by one-way ANOVA
(F = 48.94, p < 0.0001 for 6H; F = 24.4, p < 0.0001 for 24H; F = 10.86, p = 0.0006 for 3D; F = 45.38,
p < 0.0001 for 7D; F = 3.7, p = 0.04 for 1M and F = 0.67, p = 0.52 for 6M) with Dunnett’s post hoc test
compared to the CTL group (**** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05). (e) Body weight
change relative to baseline (n = 14 for 0 LD50; n = 15 for 0.5 LD50 and n = 16 for 0.9 LD50 group).
Significant differences were determined by two-way repeated measures ANOVA (FTime = 282.8,
p < 0.0001; FDose = 2.3, p = 0.11; FTimexDose = 1.67, p = 0.0009) with Tukey’s multiple comparisons test
(*** p < 0.001; ** p < 0.01; * p < 0.05 CTL vs. 0.9 LD50; ΦΦ p < 0.01 0.5 LD50 vs. 0.9 LD50).

Figure 2. Development of anxiety-like behavior caused by NIMP intoxication. Anxiety-like behaviors
were evaluated in NIMP-exposed and CTL animals using a different test every month (n = 14 for
0 LD50; n = 15 for 0.5 LD50 and n = 16 for 0.9 LD50 group). (a) Open-field, square area, at the baseline
with the percentage of time spent in the center zone (9.6 ± 1.3 for 0 LD50; 9.9 ± 1.2 for 0.5 LD50
and 9.4 ± 1.4 for 0.9 LD50). (b) EPM at 1 month with the percentage of time spent in the open arms
(28.1 ± 3.1 for 0 LD50; 18.9 ± 3.0 for 0.5 LD50 and 13.8 ± 1.9 for 0.9 LD50). (c) Staircase test, 2 months
post-intoxication with the number of rearings on the top step (11.5 ± 0.8 for 0 LD50; 9.1 ± 1.1 for
0.5 LD50 and 9.4 ± 0.9 for 0.9 LD50). (d) Dark-light box at 3 months with the percentage of time
spent in the light box (48.6 ± 2.8 for 0 LD50; 46.5 ± 3.2 for 0.5 LD50 and 47.5 ± 3.2 for 0.9 LD50).
(e) Open-field, circular area, at 4 months with the percentage of time spent in the center zone
(21.1 ± 3.8 for 0 LD50; 20.2 ± 2.7 for 0.5 LD50 and 11.9 ± 2.9 for 0.9 LD50). (f) Neophobia test at
5 months showing the frequency of visits to the center platform (11.8 ± 2.3 for 0 LD50; 6.5 ± 1.2 for
0.5 LD50 and 6.9 ± 1.2 for 0.9 LD50). (g) O-maze at 6 months post-exposure with the percentage
of time spent in the open arms (29.4 ± 2.7 for 0 LD50; 19.2 ± 2.8 for 0.5 LD50 and 17.2 ± 2.6 for
0.9 LD50). Significant differences were determined by one-way ANOVA (F = 0.04, p = 0.9 for BL;
F = 7.1, p = 0.002 for 1M; F = 1.6, p = 0.2 for 2M; F = 0.11, p = 0.89 for 3M; F = 2.8, p = 0.08 for 4M; F = 3.2,
p = 0.04 for 5M and F = 5.4, p = 0.008 for 6M) with Dunnett’s post hoc test compared to the CTL group
(** p < 0.01; * p < 0.05).

3.3. Longitudinal Imaging Examination and Long-Term Induced Inflammation

To explain these behavioral long-term modifications, we conducted MRI in parallel on
0.5 and 0.9 LD50 NIMP-exposed mice for 6 months to evaluate morphological modifications
and brain edema after exposure. The image analysis did not show significant neuroanatom-
ical changes using T2-weighted images or edema formation using ADC mapping on DWI
images (Figure 3).
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Figure 3. NIMP exposure does not induce morphological modifications or brain edema in the
amygdala/piriform cortex. (a) T2 images with the apparent diffusion coefficient (ADC) map of one
representative NIMP-exposed mouse (0.9 LD50) at different timepoints: before intoxication (baseline),
and 3 days, 7 days, 1 month and 6 months after NIMP exposure. Regions of interest used for analyses
are shown with red circles. (b) The percentage of ADC normalized to the baseline as a function of
different timepoints for NIMP-exposed animal groups [(0.5 LD50: −5.1 ± 2.7 at 3D; −6.0 ± 3.5 at
7D; 1.7 ± 3.9 at 1M and −2.9 ± 3.1 at 6M) and (0.9 LD50: −0.8 ± 3.1 at 3D; 2.1 ± 4.3 at 7D; 2.9 ± 5.2
at 1M and −0.5 ± 2.7 at 6M)]. Statistical analyses were conducted by mixed-effects model (REML)
analysis (FTime = 0.89, p = 0.44; FDose = 1.5, p = 0.24; FTimexDose = 0.36, p = 0.78) (n = 7 to 9 per group).

Next, cerebral cytokine levels were evaluated in the amygdala/pyriform cortex ex-
tracts using Luminex technology. A slight increase in several cytokine levels was observed
in the NIMP-exposed mice group 6 months post-exposure (Figure 4a). Thus, sublethal doses
of NIMP did not induce any robust long-term neuroinflammation. In addition, histological
exploration showed no persistent microglia reactivity 6 months post-intoxication in the
amygdala of exposed animals (Figure 4b,c), confirming the previous cytokine results.

Figure 4. NIMP exposure does not induce long-term neuroinflammation in the amygdala/piriform
cortex. (a) Expression levels of the cytokines KC, IL-1α, IL-10, IL-9 and IL-17 normalized to CTL
values at 6 months post-intoxication [(KC: 1.0 ± 0.2 for 0 LD50; 1.3± 0.2 for 0.5 LD50 and 1.5 ± 0.2
for 0.9 LD50); (IL-1α: 1.0 ± 0.2 for 0 LD50; 1.1 ± 0.3 for 0.5 LD50 and 1.3 ± 0.2 for 0.9 LD50);
(IL-10: 1.0 ± 0.2 for 0 LD50; 1.1 ± 0.5 for 0.5 LD50 and 1.4 ± 0.2 for 0.9 LD50); (IL-9: 1.0 ± 0.1 for
0 LD50; 1.3 ± 0.3 for 0.5 LD50 and 1.3 ± 0.1 for 0.9 LD50) and (IL-17: 1.0 ± 0.1 for 0 LD50; 1.2 ± 0.3
for 0.5 LD50 and 1.3 ± 0.1 for 0.9 LD50)]. Statistical analyses were conducted by one-way ANOVA
(n = 8 per group). (b) IBA-1 labeling in the amygdala region of CTL (left) and 0.9 LD50 (right) mice.
Scale bar = 50 μm. (c) Fold change of IBA1 labeling the optical density percentage normalized to CTL
at 6 months post-intoxication: 1.0 ± 0.1 for 0 LD50; 0.98 ± 0.2 for 0.5 LD50 and 1.0 ± 0.2 for 0.9 LD50.
Statistical analyses were conducted by Kruskal–Wallis test (p = 0.83; n = 7 per group).
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Because the impact of a long-term systemic inflammation could alter the nervous
system, we evaluated the evolution of WBC after NIMP exposure. A first phase could be
observed, with significant WBC modifications in the 0.9 LD50-exposed mice group. Two
timepoints, one day and 7 days after NIMP exposure, showed significant decreases in
lymphocytes, monocytes and eosinophils in the highest dose-exposed group, whereas the
lowest dose induced little or no modifications in most cell types (Figure 5). One-month
post-intoxication, no difference was observed between the NIMP-exposed groups or in
comparison to the CTL group. Surprisingly, a second phase was also observed between
3 and 6 months post-NIMP exposure, with significant modifications to WBC quantities in
the 0.5 LD50-exposed mice group. With the exception of basophils and eosinophils, which
were significantly decreased in the two exposed groups, the 0.5 LD50-exposed mice group
presented significant long-term modification in the proportion of lymphocytes, monocytes
and neutrophils compared to the 0.9 LD50-exposed and CTL groups (Figure 5).

Although serum cytokine levels were not significantly increased 6 months post-
exposure, the expression of some cytokines was slightly enhanced in the 0.9 LD50-exposed
mice group (+183% ± 146% for G-CSF; +46% ± 26% for KC; +66% ± 35% for IL-1α).
Interestingly, the expression of granulocyte-macrophage colony-stimulating factor (GM-
CSF or CSF2) as well as IL-17 was slightly elevated in the 0.5 LD50-exposed mice group
(+184% ± 131% and 86% ± 58%, respectively) (Figure 6).

3.4. Gut Modification

The consequences of chronic systemic low-level inflammation could have a significant
impact on multiple physiological systems. Among the possible targets, we investigated
the impact on intestinal function. A gut morphological evaluation was thus conducted
6 months post-NIMP exposure. Histological modifications were observed for both NIMP
sublethal doses (Figure 7a). The quantification of goblet cell numbers and the ratio of
intestinal villi size revealed a significant decrease in the 0.5 and 0.9 LD50-exposed mice
groups (goblet cell numbers compared to CTL: 77.2% ± 8.3% and 78.7% ± 3.5%, respec-
tively; intestinal villi size compared to CTL: 75.8% ± 3% and 69.6% ± 2.7%, respectively)
(Figure 7b,c). Moreover, lymphoid foci numbers were significantly increased in both ex-
posed mice groups (×3 ± 1.1 and ×5.5 ± 1.3 for 0.5 LD50 and 0.9 LD50, respectively)
(Figure 7d). Finally, we conducted an evaluation of the Gram+/Gram− ratio. A dysbiosis
of Gram− microbiota was observed in both NIMP-treated groups (Gram+/Gram− ratio:
0.55 ± 0.09 and 0.47 ± 0.11 for 0.5 LD50 and 0.9 LD50, respectively) (Figure 7e). This level of
gut dysbiosis can trigger the innate immune response and chronic low-grade inflammation,
leading to many age-related degenerative pathologies and unhealthy aging, which could in
turn influence the gut microbiota composition [30].

3.5. Altered Microbiota Composition

A total of 788,900 16S rDNA reads was analyzed to establish the gut microbiota com-
position of the mice included in the present study. Our analyses led to the detection of
873 OTUs, evenly distributed among the mice groups (CTL: 551 ± 41, 0.5 LD50: 562 ± 54
and 0.9 LD50: 561 ± 44). No differences were detected regarding gut bacterial diversity and
richness (Figure 8a) for mice challenged with NIMP 6 months post-exposure in comparison
to the CTL group. As displayed in Figure 8b, nine predominant bacterial genera (Alis-
tipes, Barnesiella, Bacteroides, Prevotella, Odoribacter, Alloprevotella, Clostridium_XIVa,
Bilophila and Oscillibacter) shaped the gut microbiota composition of the mice, with
highly similar abundances between groups. Furthermore, we observed a moderate shift in
the gut microbiota composition of NIMP-exposed mice in comparison to the CTL group
(Figure 8c). Two clusters consisting of CTL and NIMP-exposed mice (both 0.5 and 0.9
LD50 doses) were identified in a principal coordinate analysis (PCoA). This moderate shift
can mostly be explained by higher abundances of Turicibacter (in both 0.5 and 0.9 LD50
groups) and Parabacteroides (0.9 LD50 group only) and a lower abundance of Coprococcus
in NIMP-exposed mice compared to the CTL group (Figure 8d).
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Figure 5. Evolution in white blood cell count after NIMP exposure. (a) Lymphocyte count at different
timepoints after NIMP exposure relative to CTL: 24 h (1.0 ± 0.01 for 0 LD50; 0.93 ± 0.02 for 0.5 LD50
and 0.64 ± 0.06 for 0.9 LD50); 7 days (1.0 ± 0.02 for 0 LD50; 0.85 ± 0.03 for 0.5 LD50 and 0.72 ± 0.04
for 0.9 LD50); 1 month (1.0 ± 0.004 for 0 LD50; 0.85 ± 0.07 for 0.5 LD50 and 0.87 ± 0.05 for 0.9 LD50);
3 months (1.0 ± 0.003 for 0 LD50; 0.98 ± 0.01 for 0.5 LD50 and 0.99 ± 0.02 for 0.9 LD50) and
6 months (1.0 ± 0.12 for 0 LD50; 0.81 ± 0.05 for 0.5 LD50 and 0.94 ± 0.02 for 0.9 LD50); (n = 8 to 10 per
group). Significant differences were determined by one-way ANOVA (F = 22.52, p < 0.0001 for 24H;
F = 13.33, p = 0.0002 for 7D; F = 5.21, p = 0.02 for 1M; F = 0.32, p = 0.73 for 3M and F = 8.51, p = 0.0023
for 6M with Tukey’s multiple comparisons test. (b) Monocyte count at different timepoints after
NIMP exposure relative to CTL: 24 h (1.0 ± 0.04 for 0 LD50; 0.69 ± 0.08 for 0.5 LD50 and 0.60 ± 0.13
for 0.9 LD50); 7 days (1.0 ± 0.02 for 0 LD50; 1.41 ± 0.12 for 0.5 LD50 and 1.68 ± 0.12 for 0.9 LD50);
1 month (1.0 ± 0.04 for 0 LD50; 1.01 ± 0.12 for 0.5 LD50 and 1.22 ± 0.02 for 0.9 LD50); 3 months
(1.0 ± 0.06 for 0 LD50; 1.24 ± 0.05 for 0.5 LD50 and 1.33 ± 0.11 for 0.9 LD50) and 6 months (1.0 ± 0.07
for 0 LD50; 1.53 ± 0.13 for 0.5 LD50 and 0.90 ± 0.03 for 0.9 LD50); (n = 8 to 10 per group). Significant
differences were determined by one-way ANOVA (F = 5.54, p = 0.015 for 24H; F = 6.39, p = 0.0065 for
7D; F = 2.88, p = 0.095 for 1M; F = 4.46, p = 0.024 for 3M and F = 15.78, p < 0.0001 for 6M with Tukey’s
multiple comparisons test. (c) Neutrophil count at different timepoints after NIMP exposure relative
to CTL: 24 h (1.0 ± 0.02 for 0 LD50; 0.93 ± 0.08 for 0.5 LD50 and 2.12 ± 0.23 for 0.9 LD50); 7 days
(1.0 ± 0.06 for 0 LD50; 1.37 ± 0.11 for 0.5 LD50 and 1.76 ± 0.15 for 0.9 LD50); 1 month (1.0 ± 0.02 for
0 LD50; 1.77 ± 0.33 for 0.5 LD50 and 1.59 ± 0.29 for 0.9 LD50); 3 months (1.0 ± 0.01 for 0 LD50;
1.21 ± 0.04 for 0.5 LD50 and 1.04 ± 0.03 for 0.9 LD50) and 6 months (1.0 ± 0.03 for 0 LD50; 1.34 ± 0.11
for 0.5 LD50 and 0.92 ± 0.06 for 0.9 LD50); (n = 8 to 10 per group). Significant differences were
determined by one-way ANOVA (F = 27.24, p < 0.0001 for 24H; F = 7.68, p = 0.0028 for 7D; F = 3.7,
p = 0.067 for 1M; F = 12.19, p = 0.0003 for 3M and F = 9.50, p = 0.0009 for 6M with Tukey’s multiple
comparisons test. (d) Basophil count at different timepoints after NIMP exposure relative to CTL:
24 h (1.0 ± 0.03 for 0 LD50; 1.17 ± 0.04 for 0.5 LD50 and 1.60 ± 0.17 for 0.9 LD50); 7 days (1.0 ± 0.03
for 0 LD50; 1.40 ± 0.09 for 0.5 LD50 and 1.44 ± 0.08 for 0.9 LD50); 1 month (1.0 ± 0.01 for 0 LD50;
1.10 ± 0.06 for 0.5 LD50 and 0.99 ± 0.04 for 0.9 LD50); 3 months (1.0 ± 0.05 for 0 LD50; 0.77 ± 0.04 for
0.5 LD50 and 0.65 ± 0.03 for 0.9 LD50) and 6 months (1.0 ± 0.03 for 0 LD50; 0.77 ± 0.03 for 0.5 LD50
and 0.69 ± 0.03 for 0.9 LD50); (n = 8 to 10 per group). Significant differences were determined by
one-way ANOVA (F = 7.218, p = 0.0041 for 24H; F = 9.08, p = 0.0016 for 7D; F = 1.84, p = 0.19 for 1M;
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F = 14.12, p < 0.0001 for 3M and F = 20.04, p < 0.0001 for 6M with Tukey’s multiple comparisons test.
(e) Eosinophil count at different timepoints after NIMP exposure relative to CTL: 24 h (1.0 ± 0.09
for 0 LD50; 1.07 ± 0.09 for 0.5 LD50 and 0.54 ± 0.05 for 0.9 LD50); 7 days (1.0 ± 0.04 for 0 LD50;
0.76 ± 0.02 for 0.5 LD50 and 1.02 ± 0.08 for 0.9 LD50); 1 month (1.0 ± 0.02 for 0 LD50; 1.87 ± 0.30 for
0.5 LD50 and 1.84 ± 0.26 for 0.9 LD50); 3 months (1.0 ± 0.04 for 0 LD50; 0.70 ± 0.05 for 0.5 LD50 and
0.80 ± 0.04 for 0.9 LD50) and 6 months (1.0 ± 0.02 for 0 LD50; 0.71 ± 0.08 for 0.5 LD50 and 0.56 ± 0.11
for 0.9 LD50); (n = 8 to 10 per group). Significant differences were determined by one-way ANOVA
(F = 8.17, p = 0.0045 for 24H; F = 7.52, p = 0.0042 for 7D; F = 3.95, p = 0.058 for 1M; F = 12.92, p = 0.0007
for 3M and F = 6.13, p = 0.0088 for 6M) with Tukey’s multiple comparisons test. (**** p < 0.0001;
*** p < 0.001; ** p < 0.01; * p < 0.05 CTL vs. 0.5 LD50; +++ p < 0.001; ++ p < 0.01; + p < 0.05 CTL vs.
0.9 LD50; ΦΦΦΦ p < 0.01; ΦΦΦ p < 0.001; ΦΦ p < 0.01; Φ p < 0.05 0.5 LD50 vs. 0.9 LD50).

Figure 6. NIMP does not induce long-term systemic inflammation. Expression levels of the serum
cytokines GM-CSF, M-CSF, G-CSF, KC, IL-1α, IL-10, IL-9 and IL-17 normalized to CTL values at
6 months post-intoxication [(GM-CSF: 1.0 ± 0.2 for 0 LD50; 2.8 ± 0.13 for 0.5 LD50 and 1.1 ± 0.01 for
0.9 LD50); (M-CSF: 1.0 ± 0.3 for 0 LD50; 0.72 ± 0.10 for 0.5 LD50 and 1.08 ± 0.3 for 0.9 LD50); (G-CSF:
1.0 ± 0.3 for 0 LD50; 1.63 ± 0.4 for 0.5 LD50 and 2.8 ± 1.46 for 0.9 LD50); (KC: 1.0 ± 0.2 for 0 LD50;
1.1± 0.08 for 0.5 LD50 and 1.46 ± 0.2 for 0.9 LD50); (IL-1α: 1.0 ± 0.1 for 0 LD50; 1.2 ± 0.3 for 0.5 LD50
and 1.7 ± 0.4 for 0.9 LD50); (IL-1α: 1.0 ± 0.07 for 0 LD50; 1.2 ± 0.3 for 0.5 LD50 and 1.06 ± 0.2 for
0.9 LD50); (IL-9: 1.0 ± 0.2 for 0 LD50; 0.68 ± 0.1 for 0.5 LD50 and 0.85 ± 0.07 for 0.9 LD50); (IL-17:
1.0 ± 0.3 for 0 LD50; 1.86 ± 0.6 for 0.5 LD50 and 1.43 ± 0.6 for 0.9 LD50)]. Statistical analyses were
conducted by one-way ANOVA (n = 8 per group).

By combining other metadata related to anxiety-like behavior status and mononuclear
blood cell percentages with gut microbiota composition at the genus level, we identified
multiple significant associations linking the host with specific bacterial taxa (Figure 9).
Notably, blood monocyte levels were positively correlated with the abundance of Aestuari-
ispira (r = 0.62) and Parasutterella (r = 0.71) and negatively correlated with the levels of
Bilophila (r = −0.61), Flavonifractor (r = −0.61), Gemmiger (r = −0.61), Hydrogenoanaer-
obacterium (r = −0.69), Oscillibacter (r = −0.67) and Pseudoflavonifractor (r = −0.70).
Neutrophil and lymphocyte percentages were positively and negatively associated with
Ruminococcus abundance (r = 0.75 and −0.77, respectively). The Intestinimonas genera was
associated with anxiety status parameters such as cumulative open area activity (r = 0.62).
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Figure 7. Long-term morphological changes in the large intestine induced by NIMP exposure.
(a) Large intestine pictures of CTL (top panel), 0.5 LD50 (middle panel) and 0.9 LD50 (bottom panel)
mice. Scale bar = 100 μm. Mucin-producing goblet cells (arrow heads) were identified in colon
sections of CTL mice. The double arrow indicates an example of villus size in a 0.5 LD50 NIMP-
exposed mouse; the asterisk indicates a lymphoid focus in a 0.9 LD50 NIMP-exposed mouse. Fold
change in (b) goblet cell numbers (1.0 ± 0.03 for 0 LD50; 0.77 ± 0.08 for 0.5 LD50 and 0.79 ± 0.03 for
0.9 LD50), (c) villi size (1.0 ± 0.10 for 0 LD50; 0.76 ± 0.03 for 0.5 LD50 and 0.70 ± 0.03 for 0.9 LD50)
and (d) lymphoid foci numbers (1.0 ± 0.28 for 0 LD50; 3.02 ± 1.12 for 0.5 LD50 and 5.46 ± 1.31
for 0.9 LD50) normalized to CTL values at 6 months post-intoxication. Significant differences were
determined by one-way ANOVA (F = 5.5, p = 0.02 for goblet cell numbers; F = 6.87, p = 0.01 for
villi size; F = 4.89, p = 0.028 for lymphoid foci numbers) with Tukey’s multiple comparisons test.
(* p < 0.05 CTL vs. NIMP-treated mice). (e) Gram−stained stool smears in the large intestine of CTL
(top panel), 0.5 LD50 (middle panel) and 0.9 LD50 (bottom panel) mice. Arrow heads illustrate Gram+
bacteria stained blue, while Gram− bacteria are stained pink (X100). (f) The ratio of Gram+/Gram−
bacteria normalized to CTL animals (1.0 ± 0.7 for 0 LD50; 0.55 ± 0.09 for 0.5 LD50 and 0.47 ± 0.11 for
0.9 LD50). Significant differences were determined by one-way ANOVA (F = 7.6, p = 0.0047) with
Tukey’s multiple comparisons test. (** p < 0.01; * p < 0.05 CTL vs. NIMP-treated mice).

4. Discussion

The long-term follow-up of NA poisoning highlights the occurrence of neurological
sequelae, even if the exposed victims only show transient low symptoms [2,31]. Psycho-
logical consequences are the main mood disorder reported by NA victims, and they can
still be present more than 10 years after the incident [2,32]. Most of these complications
affect emotions with increased fear, event recollections, irritability and agitation, which
reflect anxiety-like behaviors. A growing concern in animal studies is the ability to evaluate
behavioral and physiological modifications in order to better assess persistent long-term
effects. We therefore developed an animal model of sublethal OP exposure that reproduces
the early effects of sarin poisoning [17], which appears to be suitable for the study of the
long-term effects of NA exposure.
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Figure 8. Mice exposed to NIMP harbor slight modifications in their gut microbiota composition
6 months after exposure. (a) Gut microbiota diversity was not affected by NIMP exposure. Microbial
diversity and richness indexes were computed on the OTU abundance table. No difference was noted
for these indexes between groups. (b) Overview of the gut microbiota composition at the genus
level. Alistipes, Barnesiella, Bacteroides, Prevotella, Odoribacter, Alloprevotella, Clostridium_XIVa,
Bilophila and Oscillibacter were the most abundant genera identified from mice gut microbiota.
(c) NIMP exposure had a moderate impact on mice gut microbiota composition. Two-dimensional
principal coordinates analysis was performed using the Bray–Curtis distances computed on the
OTU abundance table. The total inertia explained (PCoA1 and PCoA2 axes) accounted for 49%. The
CTL mice centroid (average microbiota profile) clustered away from both doses of NIMP-treated
groups (0.5 LD50 in yellow and 0.9 LD50 in blue). This observation suggests that both doses of
NIMP intoxication have a long-lasting effect on gut microbiota composition up to 6 months post-
treatment. (d) Several gut bacterial genera display a shifted abundance following NIMP treatment.
Differences in genus abundance between groups were assessed using the Kruskal–Wallis rank sum test
(p ≤ 0.1) followed by a post hoc Dunn’s all-pairs rank comparison test. Three genera harbored a
shifted abundance following NIMP exposure. In comparison to CTL mice, the 0.5 LD50 and 0.9 LD50
mice groups had a lower abundance of Coprococcus (p ≤ 0.05). The Turicibacter level increased in
both 0.5 LD50 and 0.9 LD50 mice groups in comparison to the CTL group (p ≤ 0.06). Parabacteroides
was slightly increased in the 0.9 LD50 group.

In the present study, the use of NIMP as a sarin analog provided a robust replication
of OP exposure symptoms and brain ChE activity inhibition. Similar parameters of intox-
ication severity have been observed in animals at early timepoints in a dose-dependent
manner [17]. Mice subjected to the highest NIMP dose (0.9 LD50) showed marked brain
ChE activity inhibition, behavioral alteration, weight loss and modification of WBC levels
during the first week post-intoxication. Taken together, all of these signs are representative
of the expected clinical features of OP poisoning and could be used to define a typical
toxidrome of NA exposure consequences in animal subjects.

103



Biomedicines 2022, 10, 1167

Figure 9. Pathological connection between modifications observed after NIMP exposure. Identi-
fication of bacterial genera found associated with host anxiety status and blood mononuclear cell
abundance. Spearman correlations were computed using the genus abundance table and host meta-
data. Displayed correlations were all significant (p ≤ 0.05) and lower than −0.6 or higher than 0.6.
Anxiety: cumulative open area activity (%), Eosinophils (%), Neutrophils (%), Monocytes (%) and
Lymphocytes (%).

Animals exposed to 0.5 LD50 NIMP did not have any strong behavior or weight
consequences, despite a significant inhibition of cerebral ChE activity and significant
modification in WBC (lymphocytes, basophils and eosinophils) levels that persisted during
the first week. One month after exposure, animals in both NIMP-exposed groups showed
similar recovery, with no observed differences in weight or daily behavior (food intake,
socialization, fur and body maintenance) compared to the CTL group. In fact, only cerebral
ChE activity was still decreased in both groups. However, a significant increase in anxious
behavior as evaluated by EPM occurred in both NIMP-exposed groups.

Anxiety disorder is one of the most reported disorders in animal models in response to
OP exposure [10,33–36]. Generally, such behavioral assessments are conducted in animals
exposed to high doses of OP that show persistent mood disorder defects [33,34]. Similar
results have also been observed for the development of anxiety-like behavior in animals
exposed to sublethal dose of OP [10,37] and are consistent with reports in humans [2,38,39].
Interestingly, in our study, significant anxiety disorder was observed 30 days after NIMP
exposure in both groups (0.5 and 0.9 LD50), but was compensated for after the first month,
and no significant anxious behaviors were seen before the fifth month post-exposure. This
anxiety recurrence affected both NIMP-exposed groups and persisted up to 6 months
post-intoxication.

It is worth noting that most of the anxiety tests used in rodents are based on a balance
between a fearful response to an aversive condition (open, brightly lit or elevated spaces)
and the tendency of animals to engage in exploratory activity or social interaction. To
maintain the test novelty and the curiosity of the mice, and thus avoid any habituation,
we chose to change the anxiety tests every month. Compensation of behavioral and/or
cognitive deficits following OP exposure has already been reported in different rodent
models [37,40]. Indeed, mice presented a partial improvement in cognitive performance
over time in a Morris water maze and T-maze 3 months after soman exposure [40]. Transient
improvement was also observed in rats 4 months after sarin vapor exposure, but no recovery
was observed at longer timepoints [37]. Hence, our results are clearly in line with previous
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animal models, demonstrating that NIMP could be a reliable OP compound to reproduce
NA exposure in the long-term.

The amygdala is the primary brain region involved in anxiety behavior [41,42] and is
one of the main brain regions to be particularly affected by NA exposure [43–45]. Neuronal
hyperexcitability has been noted in the basolateral amygdala following exposure to a
high dose of soman due to a decrease in GABAergic inhibition in this area [35,36]. A
slow recovery in AChE activity coupled to a loss of GABAergic neurons may explain
this hyperactivity and the development of anxiety-like behavior [35,36]. However, the
low doses of NIMP used in our study did not induce any observable neuropathologies
at any timepoint studied. This result is consistent with our previous study [17] and with
other animal models exposed to a low dose of NA [15,46]. Furthermore, no anatomical
volume modification of the amygdala was observed in our model at any timepoint studied,
suggesting that neither cell loss nor swelling was induced after the low-dose exposure
to NIMP. The amygdala is particularly sensitive to stress, which could be reflected by an
increase in inflammatory cytokines leading to its enlargement [41,47].

In accordance with the lack of any architectural change in the amygdala, no neuroin-
flammation process (i.e., significant elevated cytokine levels, astrocytes or microglial activa-
tion) was observed in either group of NIMP-exposed animals 6 months post-intoxication.
Therefore, we suspected that peripheral inflammation could be involved in the estab-
lishment of anxiety-like behavior observed in NIMP-exposed animals in the longer term.
Indeed, elevated peripheral inflammatory cytokine levels (IL−6, IL-1beta and TNF-alpha)
have been associated with mood disorder development [41,47]. However, our evalua-
tion of serum cytokines did not reveal any significant modifications in the inflammatory
cytokines under study in the two groups 6 months post-NIMP exposure. On the other
hand, a significant decrease in circulating basophil and eosinophil counts was observed
3 months after NIMP exposure and persisted for up to 6 months. A decrease in venous
blood basophil counts has already been observed in patients with major depression disorder
displaying elevated anxiety [48], suggesting that the alteration of leukocytes may play a role
in the development of anxious behavior. Basophils and eosinophils are leukocyte subtypes
particularly involved in allergic responses, but they are also involved in gut homeostasis
regulation [49,50]. Since basophils and eosinophils play a role in the maintenance of the
protective mucosal barrier and contribute to immune modulation towards gut microbes,
these decreasing basophil and eosinophil counts may participate in the gut morphological
alteration and dysbiosis observed in NIMP-exposed animals. We therefore decided to
investigate if NIMP exposure could affect mice microbiota.

The gastrointestinal system expresses several nicotinic receptors and is highly inner-
vated by the cholinergic neurons of the parasympathetic and enteric systems. In addition,
ACh is involved in regulating several functions such as gut motility, local blood flow,
intestinal mucosal barrier permeability and inflammation regulation [51–53]. Furthermore,
it has been shown that ChE inhibition by soman, neostigmine, PB or DFP alters intestinal
functions [54–56]. The intestine also plays a crucial role in the elimination of NA [57], which
should impact the microbiota homeostasis. Indeed, one previous study found that the ad-
ministration of PB along with the insecticide permethrin to mice alters the gut microbiome,
with the enrichment of several bacterial families and genera in the treated animals [58].

Interestingly, the animal model used in the aforementioned study reproduced some of
the GW symptoms reported by deployed veterans and showed abundant Coprococcus and
Turicibacter correlated with neuroinflammation and gut leaching [58]. Moreover, a previous
study conducted in humans reported that Coprococcus abundance is also associated with
depressive disorder [59]. In our study, a decrease in Coprococcus and a concomitant
increase in Turicibacter were observed in both groups 6 months after NIMP exposure,
regardless of the dose received. The difference in Coprococcus variation could be explained
by the exposure protocol and the long-term evaluation period, but an alternative possibility
is that a lack of Coprococcus could be associated with anxiety.
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To our knowledge, our study is the first demonstration of altered microbiota after NA
exposure observed over the long term. In fact, several bacterial populations were found to
be modified in rats 3 days after soman exposure, and no long-term change was reported
(75 days post-exposure) where the gut microbiota remained resilient [60]. Although we
assessed the gut microbiota composition at 6 months after NIMP exposure in order to
determine if this could explain the second wave of anxiety-like behavior observed in NIMP
exposed animals, we could not determine the timepoints at which these changes were
implemented. Nevertheless, our microbiota analysis revealed a positive correlation between
Intestinimonas abundance and the anxiety-like behavior level measured in mice exposed
to NIMP. It is noteworthy that a positive link between Intestinimonas and psychological
stress was previously reported in a rat model, in association with intestinal and blood-brain
barrier alterations [61]. Furthermore, several bacterial species modified by NIMP exposure
were correlated with the WBC variation observed in 0.5 LD50-exposed animals, which may
enhance immune complications in these animals. Together, our results demonstrate that a
single acute NA exposure can lead to long-term gut microbiota modifications.

5. Conclusions

In conclusion, our study demonstrates that exposure to a low dose of NA, identified as
barely symptomatic for the 0.5 LD50 NIMP-exposed mice, could disrupt gut microbiota and
immune homeostasis and alter emotional behavior in the long-term (Graphical abstract).
Further studies are needed in order to decipher the mechanisms linking microbiota, anxiety-
like behavior and immune cell response, as well as to discriminate more specific middle
timepoints. The association between Intestinimonas and anxiety-like behavior requires
further investigations to be confirmed. Nevertheless, our results highlight the need to care
for all NA victims, even those exposed to low-doses, and to disclose new biomarkers that
could be useful for follow-up with NA victims.
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Abstract: Inflammatory, oxidative, and autoimmune responses cause severe damage to the nervous
system inducing loss of myelin layers or demyelination. Even though demyelination is not considered
a direct cause of skeletal muscle disease there is extensive damage in skeletal muscles following
demyelination and impaired innervation. In vitro and in vivo evidence using exogenous antioxidants
in models of demyelination is showing improvements in myelin formation alongside skeletal muscle
recovery. For instance, exogenous antioxidants such as EGCG stimulate nerve structure maintenance,
activation of glial cells, and reduction of oxidative stress. Consequently, this evidence is also showing
structural and functional recovery of impaired skeletal muscles due to demyelination. Exogenous
antioxidants mostly target inflammatory pathways and stimulate remyelinating mechanisms that
seem to induce skeletal muscle regeneration. Therefore, the aim of this review is to describe recent
evidence related to the molecular mechanisms in nerve and skeletal muscle regeneration induced by
exogenous antioxidants. This will be relevant to identifying further targets to improve treatments of
neuromuscular demyelinating diseases.

Keywords: antioxidants; inflammation; demyelination; nerve; skeletal muscle; regeneration;
remyelination; myelin; oxidative stress

1. Introduction

Inflammation and tissue disorder are outcomes of the imbalance in the production
of reactive oxygen species (ROS) accompanied by insufficient activity of endogenous an-
tioxidants that boost oxidative stress [1,2]. The increase of ROS such as superoxide and
hydroxyl radicals may cause DNA lesions, protein structural damage, oxidize lipids, and
mitochondrial dysfunction ending in apoptosis [3–6]. These events are associated with
neurodegenerative and demyelinating disorders including Alzheimer’s disease, Parkin-
son’s disease, and multiple sclerosis [1]. In addition, low levels of exogenous antioxidants
exacerbate ROS effects and subsequent degenerative effects [1,2,5].

Myelin is a sphingolipid-based multilayer produced by oligodendrocytes and Schwann
cells [7,8]. This multilayer by wrapping the nerve axons forms the isolation to improve
neuronal action potential maintaining the speed of nerve impulses [7,8]. Autoimmune and
chronic inflammatory diseases in the nervous system exhibit removal of the myelin sheath,
or demyelination, in central and peripheral nerves [8,9]. Demyelinating diseases outline a
wide group of clinical conditions with heterogeneous clinical outcomes [9]. These outcomes
include severe nerve injury resulting in myopathy-like damage, increased collagen produc-
tion, or fibrosis, and loss of muscle fibers [10–12]. Early mechanisms related to these events
were observed in rat models of nerve injuries showing massive ROS production in the
oxidative stage [11]. This occurs along with increased protein kinases activity and hypoxia-
inducible factor-1 (HIF-1) during cellular adaptation as compensatory mechanisms [11].
All this shows that nerve damage and demyelination impair skeletal muscle arrangement.
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Demyelination is not described as a direct cause of myopathies, however, there is
extensive muscle damage derived from impaired innervation as occurs in multiple sclerosis
and other demyelinating diseases [13]. This is similar to what is observed in autoimmune
myopathies as dermatomyositis with severe inflammation and comparable to the damage
observed in chronic inflammatory demyelinating polyneuropathy [11,14,15]. The neuro-
muscular junctions also show impairment due to the oxidative and inflammatory reactions
in nerves and muscle fibers [13,14]. Hence, autoimmune disorders either of the nervous
system or skeletal muscle result in inflammation, increased oxidative stress, demyelination,
and skeletal muscle damage.

The endogenous antioxidant system regulates oxidative balance by reducing ROS
damage through specific mechanisms such as ROS scavenging and restriction of ROS
generation [16]. These mechanisms neutralize ROS production by binding metal ions and
decreasing oxidative effects [16]. Antioxidant molecules include superoxide dismutase
(SOD), catalase, peroxidase, and glutathione, all able to detoxify ROS and keep balanced
aerobic events [16]. Endogenous antioxidants seem to promote remyelination in vitro and
in vivo for what stimulating production and activity through exogenous mechanisms might
be promising in nerve and skeletal muscle regeneration [5,17–19]. Exogenous antioxidants
such as polyphenols and others are showing protective effects in nerve and skeletal muscle
cells by reducing free radicals [20]. Further research on the mechanisms of exogenous
antioxidants in recovering demyelinated nerves and derived impaired skeletal muscles
will feature targets to stimulate remyelination. Therefore, the aim of this review is to
provide an overview of the recent evidence on the molecular mechanisms in nerve and
skeletal muscle regeneration promoted by exogenous antioxidants. This will be relevant to
identifying adjuvant targets to enhance the treatments of inflammatory and autoimmune
neuromuscular demyelinating diseases.

2. Autoimmune and Inflammatory Demyelination

Myelination is the process performed by the specialized cells oligodendrocytes and
Schwann cells to produce sphingolipids and form myelin layers [7]. The sphingolipids
produced by oligodendrocytes including sphingomyelin, cerebrosides, and gangliosides,
exhibit key roles in proliferation, migration, apoptosis, and remyelination [7,21]. Hence,
failed sphingolipid synthesis may induce pathological and inflammatory reactions.

2.1. Role of Sphingolipids and ROS

The brain has the highest sphingolipid content and therefore requires a crucial balance
in the synthesis, degradation, and removal of lipids and sphingolipids [22–24]. Changes
in the lipid levels may trigger pathogenic reactions including neuroinflammation and
oxidative damage [22–25]. For instance, defective sphingolipid metabolism may cause
neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease [22–25]. In a
study including 30 patients diagnosed with multiple sclerosis was observed increased
oxidative damage, lipid alteration, and DNA lesion [25]. In addition, these patients showed
plaque formation containing oligodendrocytes, immunoproteasome activity, and astrocytes
similar to brain biopsies from previous cases [21,25]. It was also observed inflammatory
CD3-positive T-cells and oxidative stress markers in blood and cerebrospinal fluid in-
cluding high concentrations of malondialdehyde and lipid hydroperoxide [6,25]. All this
indicates oxidative effects and neuroinflammation associated with sphingolipid alteration
and ROS production.

Also, oligodendrocytes under in vitro inflammatory conditions fail to differentiate and
undergo apoptosis [21]. In vivo, a mice model for multiple sclerosis showed a reduction
in oligodendrocyte proliferation, increased immune cell activation, immunoproteasome
activity, increased demyelination, and decreased remyelination [21]. Immunoproteasome
pathways are observed in both oligodendrocytes and astrocytes surrounded by a chronic
inflammatory environment [21,26]. Interestingly, these pathways in astrocytes induce
protective effects against oxidation and damage, while in oligodendrocytes accelerate

112



Biomedicines 2022, 10, 2557

apoptosis and tissue injury [21,26]. The immunoproteasome activity is one of the molecular
mechanisms involved in demyelination and impaired remyelination yet to be understood.

The crosstalk between the sphingolipid-mediated pathway and the eicosanoid path-
way may also impair myelination [7,27]. The sphingolipid-mediated pathway is associated
with tissue development while the eicosanoid pathway is linked to pathological events
such as the production of inflammatory mediators [7,27]. Orm1-like3 (ORMDL3) is an endo-
plasmic reticulum protein involved in leukotrienes synthesis regulation and sphingolipid
homeostasis [28]. In vitro, mast cells isolated from wild-type mice and knockout-ORMDL3
mice showed higher production of sphingolipids and inflammatory mediators such as
leukotrienes [28]. Low ORMDL3 expression induces failed sphingolipids production along
with inflammatory reactions by leukotrienes [28]. In vivo, ORMDL1, ORMDL2, and OR-
MDL3 knockout mice showed altered sphingolipid synthesis during myelination resulting
in severe demyelination in the sciatic nerve [29]. It seems that ORMDLs might be target
proteins crucial for the stability in sphingolipid production and myelination.

Similarly, ceramide, ceramide1-phosphate (C1P), and sphingosine1-phosphate (S1P)
may induce inflammatory reactions [7,30]. These intermediates are synthesized in the
sphingomyelin cycle by sphingomyelinases [7,31]. Some studies show the critical balance of
sphingolipids to regulate apoptotic or anti-apoptotic signals [21,22]. For instance, increasing
ceramide levels may reduce S1P levels activating cell death pathways [21,22]. In vitro and
in vivo using models of multiple sclerosis and inflammatory demyelinating diseases show
that ceramides accumulate and activate astrocytes [30]. Sphingosine increases while S1P
decreases, and both may be reestablished once remyelination occurs [30]. Ceramide, C1P,
and S1P participate in the activation of protein kinase C isoforms and cytosolic phospholipase
A (cPLA) [7,22,27]. This latter enzyme is associated with inflammation via the arachidonic
acid pathway and activation of EDG-sphingolipid receptors. This leads to the activation of
phospholipase C (PLC) and intracellular calcium release (Figure 1) [7,22,27].

Additionally, it is considered a synergistic action of C1P with S1P that induces COX-2
and activates PLA2 [7,21,32]. C1P contributes to inflammation via the production of
prostaglandin E2 (PGE2) and stimulates mast cell degranulation via Ca+2 dependent
pathway associated with calmodulin [7,21,32,33]. Similarly, in the activated mast cells the
sphingosine kinase produces S1P via the IgE receptor [7,21,32]. These events also occur
in different cell types such as lung fibroblasts and epithelial cells. S1P stimulation via
tumoral necrosis factor (TNF) induces COX-2 expression and triggers PGE2 production
ending up in severe inflammation [7,21,32,34]. In a few words, the therapeutic regulation
of the synergistic effects of C1P-S1P may reduce inflammatory reactions in other tissues
preventing additional clinical conditions.

Furthermore, a metabolic syndrome involving insulin resistance is associated with a
high risk of peripheral neuropathy affecting small unmyelinated axons described in recent
reviews [35,36]. In brief, the neuropathy associated with type 2 diabetes includes an increase
of long chain fatty acids, neuroinflammation, and neuronal oxidative stress [35]. These
mechanisms induce a cascade of pro-inflammatory cytokines along with NF-kB activation
and further production of COX-2 and TNF-α [35]. Interestingly, type 2 diabetes neuropathy
shares COX-2 mechanisms with C1P and S1P lipid inductors [35]. Cytokine cascade induced
by metabolic syndrome activates neutral SMase and SK1 with the concomitant activation
of PLA2, PLC, S1P, and COX-2 mediated inflammatory effects [35,36]. Later, peripheral
innervation is impaired with subsequent skeletal muscle damage.

Therefore, sphingolipids upon certain conditions prompt inflammatory responses
including TNF-α induction of sphingomyelinase associated with increased ceramide levels
and activation of the NF-κB pathway [21,37,38]. This induces more than 150 genes increas-
ing cytokine and chemokine levels [21,37,38]. NF-κB activation encodes the production
of interleukin-1β, IL-6, IL-8, and pro-inflammatory enzymes, such as COX-2 [21,37,38].
In murine models, ceramides stimulate in astrocytes the expression of proinflammatory
mediators (TNF, IL-1B, and IL-6) and activation of NF-κB [7,22,27]. Interestingly, ceramides
also increase the production of the c/EBP factor associated with the induction of TNF, IL-6,
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and IL-1β similar to NF-κB [7,21,32,34]. Thus, sphingolipid pathways represent potential
targets to prevent inflammation, demyelination, and induce remyelination.

Figure 1. Mechanism of neuroinflammation associated with sphingolipids. Oligodendrocyte. Sphin-
golipids as sphingosine 1 phosphate cause the transduction of the PLC pathway with the ongoing
activation of the araquidonic acid pathway. Araquinodate induces the activation of COX-2-producing
prostaglandins that act as inflammatory mediators. Enzymes such as Acid sphingomyelinase SMase
and Neutral sphingomyelinase are also capable of active araquidonic, and COX-2 paths. Interest-
ingly, extracellular inflammatory mediators, including cytokines (IL-6, IL-1β, IL-8, and TNFα) may
activate sphingomyelinase enzymes, mainly, acid sphingomyelinase with the subsequent activation
of cEBP and NF-kB trans-activators that lead the production of pro-inflammatory cytokines. The
inflammatory mediators and pro-inflammatory cytokines are associated with the development of
neuroinflammation, demyelination, and degenerative diseases.

All this evidence suggests that sphingolipid derivatives including ceramide, C1P,
and S1P, are associated with inflammatory mechanisms in the nervous system [7,22,23].
Ceramide is a key regulator of critical neuronal mechanisms, including cell differentiation,
senescence, and cell death [7,22,23]. The increased levels of ceramide may induce cell
death via caspase 3 activation, reactive oxygen species production, and mitochondrial
dysfunction [7,22,27]. Sphingolipid metabolites constitute key mediators during inflamma-
tory reactions being associated with neurodegenerative effects [37–39]. Neuroinflammatory
events in neurodegenerative diseases include activation of both microglia and astrocytes
showing overexpression of inflammatory mediators [37,39–41]. Microglia and astrocytes
continuously produce pro-inflammatory cytokines conducting to chronic inflammation and
the progression of neurodegeneration linked with neuroinflammation [37,39–41]. Such mech-
anisms are primary the pathophysiological foundations of neurodegenerative diseases.

2.2. Inflammation in Demyelinating Diseases

Overall, autoimmune and inflammatory diseases such as multiple sclerosis show
increased ROS production rates [42]. Preclinical encephalomyelitis models using rodents
showed higher levels of ROS produced by microglia and infiltrated macrophages [25,43].
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This stimulates increasing pro-inflammatory mediators and oxidizing radicals, including
superoxide, hydroxyl radicals, hydrogen peroxide, and nitric oxide causing oxidative dam-
age [25,43]. Simultaneously, depletion of endogenous antioxidants such as catalase, SOD,
and glutathione is also observed in neuroinflammation and neurodegeneration [16,44]. SOD
converts superoxide radical anions into hydrogen peroxide in two forms of this enzyme:
MnSOD and Cu/ZnSOD both expressed in the brain [16,44]. Nuclear factor E2-related
factor (Nrf2-ARE) induces expression of glutathione and thioredoxin-antioxidant system
along with peroxiredoxins, superoxide dismutase, catalases, and heme oxygenase upon
inflammatory reactions and neurodegeneration [44]. Nrf2 deficiency causes in mice loss
of oligodendrocyte, demyelination, neuroinflammation, and axonal damage [45,46]. Simi-
larly, peripheral nerves from Nrf2 knockout mice exhibited reduced axonal remyelination,
functional impairment, and damaged neuromuscular junctions [47].

Sensory and motor nerves are susceptible to degeneration and immune-mediated
demyelination as seen in multiple sclerosis, chronic inflammatory demyelinating polyneu-
ropathy, and Guillain-Barre syndrome [9,22,31,40]. Multiple sclerosis constitutes one of the
major demyelinating diseases with effects on skeletal muscles [9,38]. Demyelination in the
central nervous system is a complex process involving blood-brain barrier disturbance,
immune cell recruitment, B-lymphocytes and T-Lymphocytes activation, secretion of pro-
inflammatory mediators, activation of microglia, and macrophage stimulation [23,31,38].
Altogether, destabilizes structural myelin proteins including basic myelin-protein, myelin
oligodendrocyte glycoprotein, myelin acidic protein, contactin1, and neurofascin [38]. The
activity of the innate and adaptive immune system produces reactive oxygen species and
nitrogen reactive species causing myelin damage and oligodendrocytes decreasing. These
mechanisms also involve macrophage stimulation, IgM antibody-mediated damage against
myelin, and demyelination [38,48,49].

Demyelination in multiple sclerosis is the final phase of the disease showing myelin
sheath degradation by immune reactive cells [23,31,41]. Different types of lipids as phospho-
lipids and sphingomyelin form the myelin sheath [23,31,41]. Myelin is also comprised of
immunoglobulin-nature proteins such as myelin-associated glycoproteins (MAG), myelin
oligodendrocyte glycoprotein (MOG), and cell adhesion proteins [23,31,41]. These com-
ponents may induce the activation of autoimmune or immune-derived responses that
causes myelin degradation [21,31,41]. First evidence shows a direct antibody-antigen inter-
action in multiple sclerosis in preclinical autoimmune encephalomyelitis models against
MOG [21,31,41]. These models showed oxidative damage and plaque formation that,
to some extent, are caused by reduced arterial perfusion and low tissue oxygen sup-
ply [23,38,41]. Then, demyelination follows the increased oxidative damage and plaques
deteriorating the tissue area as seen in multiple sclerosis.

On the other hand, diseases such as neuromyelitis optica show significant immunoglob-
ulin deposition and characteristic immunoreactivity against astrocytic aquaporin
AQP4 [23,27,41]. This demyelination in the optic nerve may cover the brain stem and
rarely, the brain tissue [23,27,41]. Histopathological findings show loss of axons, low AQP4
and AQP1, and the production of glial acidic fibrillary protein GFAP, a key landmark of glial
reactivity [23,41]. Eosinophiles and granulocytes infiltrate the lesion causing an increased
inflammatory process with the ongoing activation of macrophages and lymphocytes [23,38].

Acute disseminated encephalomyelitis (ADEM) is generally preceded by an infection
or rarely by vaccination and it is associated with an immunoreactive process against
MOG antigens [23,38,41]. ADEM usually affects children and young adults, and some
variants are multiphasic (MDEM) [23,32,38]. The differentiation of such conditions with
multiple sclerosis represents clinical challenges. ADEM and MDEM show macrophages
reactivity, foamy macrophages that increase demyelination throughout the central nervous
system or are restricted to a single location [23,32,38]. MOG seems to play a key role as
a surface receptor and adhesion molecule as seen in demyelinating encephalomyelitis
models [22,23,38]. MOG may be used as a diagnostic marker and possible target in diseases
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including ADEM, MDEM, and rarely multiple sclerosis in which IgG1 antibody production
against MOG is found [22,23,38].

In peripheral nerves, Schwann cells produce myelin and keep a balanced nerve envi-
ronment [34]. Interestingly, Schwann cells are capable to sense damaging signals and they
may be involved in developing the inflammatory process via the expression of macrophage
colony-stimulating factor (CSF-1) [34]. CSF-1 upregulates the production of TNF-α, and
several cytokines such as IL-1α and IL-1β, to stimulate the recruitment of macrophages [34].
Trias et al. demonstrated in an amyotrophic lateral sclerosis model that Schwann cells
might change their phenotype to induce nerve repair [50,51]. This change promotes prolif-
eration and secretion of pro-inflammatory factors including CSF-1 and IL-34 from distal
to proximal, as Wallerian degeneration, increasing nerve injury [50,51]. Schwann cells
also remove myelin debris, ensure nerve homeostasis, and promote axonal regeneration
and reinnervation [50,51]. Therefore, Schwann cells are critical and double-edge cellular
components to regulate neuro-regeneration or neurodegeneration.

In demyelinating disorders involving Schwann cells, it is observed oxidative stress that
impairs their mitochondrial metabolism [33,52]. For example, Friedreich’s ataxia disease
occurs with loss of dorsal root ganglion seen in clinical studies along with oxidative stress
that diminishes the expression of frataxin [33,52]. Frataxin seems to regulate iron molecules
for proper protein functioning. The precise mechanism and downregulation of frataxin
are not yet well understood. Studies in knockout models showed increasing selective
inflammatory toxicity when Schwann cells are devoid of frataxin [33,52]. In fact, the absence
of frataxin in Schwann cells may turn the phenotype from normal to inflammatory [33,52].
This shows a suitable target to promote peripheral nerve regeneration.

Similarly, other evidence suggests a role of Schwann cells in the balanced expression of
TNF-α to promote axonal regeneration [53]. Kato et al. demonstrated via the inhibition of
TNFα using etanercept-a TNFα-antagonist, improvement in axonal regeneration after nerve
injury [53]. The adaptive immune response uses a major histocompatibility-II (MHC-II)
complex to coordinate the T-cell activation [54]. MHC-II is expressed by antigen-presenting
cells (APC) including B cells, dendritic cells, and macrophages [54]. However, inflammatory
conditions may also induce the non-immune cells as endothelial or muscle cells to upreg-
ulate the expression of MHC-II [54]. Hartlehnert et al. showed that Schwann cells may
upregulate MHC-II under inflammatory conditions after injury in models of neuropathic
pain [54]. Intriguingly, Schwann cells may function as conditional antigen-presenting cells
under inflammatory disorders [54]. All this evidence shows the role of Schwann cells in
the regulation of inflammatory and immune responses following nerve damage.

To sum up, molecular mechanisms in demyelination acting as potential targets for
nerve regeneration seem to be ORMDL proteins, immune proteasomes showing protective
activity in astrocytes, destruction of oligodendrocytes, regulation of ceramides, sphin-
golipid pathways and endogenous antioxidants. Molecular events in peripheral nerves
include the regulation of TNF-α, frataxin, and the ability of Schwann cells to change their
phenotype turning into inflammatory. All these molecular mechanisms might be involved
in skeletal muscle damage and would certainly be relevant targets to induce remyelination
and nerve regeneration.

3. Skeletal Muscle Damage and Oxidative Stress Demyelination Related

Striated skeletal muscle tissue is formed by aligned fibers associated with the intramus-
cular extracellular matrix arranged into endomysium, perimysium, and epimysium [55].
The endomysium is the connective tissue surrounding each muscle fiber containing cap-
illaries and nerve terminals [55–58]. The perimysium is a stronger connective tissue that
arranges muscle fibers into small and large myobundles [55–58]. This arrangement pro-
vides mechanical stability and supports muscle contraction and force production [55–58].
The epimysium surrounds the entire muscle being related to tendons and fasciae [55–58].
The regenerative ability of skeletal muscles relies on their satellite cells, the quiescent stem
cells located in the proximity of the muscle fibers [59–61]. Upon injury, these satellite cells
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activate, proliferate, fuse, and differentiate into multinucleated fibers to replace or repair
the injured ones [59–61]. However, multiple conditions trigger the destruction of muscle
fibers, defeat their regenerative capacity, and induce loss of muscle arrangement [59,62,63].
Severe conditions such as acquired or inherited diseases, demyelination and trauma exhibit
such effects decreasing the muscle mass [59,62–64]. All this hampers the regenerative
ability of skeletal muscles, increases the connective tissue, and forms fibrosis ending up in
functional impairment [59,62,63].

Inherited myopathies such as dystrophies are caused by genetic factors while acquired
myopathies including infectious and inflammatory diseases are linked to systemic fac-
tors [62,63]. These types of myopathies show that ROS triggering skeletal muscle damage
are SOD, hydrogen peroxide, hydroxyl radical, neuronal nitric oxide, endothelial nitric
oxide, and peroxynitrite [3]. Hydroxyl radical is a highly reactive oxidant that causes DNA
and protein damage as occur in impaired nerves [3,11]. ROS in nerve injury induce in-
flammatory stages that in turn induces proteolysis in muscle fibers causing skeletal muscle
impairment [11]. This damage induces the activation of TNF, TGF-β, and JAK-STAT, among
other inflammatory molecules [11]. Simultaneously, decreasing of proteins involved in
the regulation of oxidative stress such as Nrf2, may cause myopathy and dysfunction as
recently observed in knockout mice [65]. These events induce structural changes in the in-
tramuscular extracellular matrix causing reduction of the muscle mass and atrophy [11,66].
The permanent loss of muscle mass causes long-term functional impairment altogether
defined as volumetric muscle loss [67].

Volumetric muscle loss also impairs neuromuscular junctions and induces secondary
denervation as shown in rat models [67]. This secondary denervation results in chronic
functional impairment [67]. In mice, passive rehabilitation after a massive muscle loss
induces adaptation and minor functional recovery [68]. In general, this incomplete muscle
recovery indicates persistent damage for what stimulating nerve regeneration alongside
neuromuscular junction and muscle fiber may conduct an overall recovery.

As mentioned earlier in this review, the role of immunoproteasomes in nerve impair-
ment is not well understood. In skeletal muscles, proteasomes seem to have key roles in
recovery after exercise, minor injuries, and muscle atrophy [69]. In vitro, proteasomes 20S
and 26S in C2C12 myoblasts and human myoblasts increase during muscle cell differen-
tiation [69]. The inhibition of these proteasomes causes protein oxidation and stimulates
proapoptotic pathways [69]. Similarly, the proteasome mechanism in atrophy is related to
the regulation of the ubiquitin-proteasome system by transcription factors including Nrf1
and Nrf2 [70–72]. In a model of oculopharyngeal muscular dystrophy using Drosophila the
increased activity of the ubiquitin-proteasome system conducts to muscle damage and im-
paired function [71]. The gene therapy to stimulate the production of inhibitors improved
muscle weakness and reduced degeneration [71]. In other clinical conditions causing skele-
tal muscle atrophy, there was also increased activity of the ubiquitin-proteasome system
and muscle protein degradation [72]. Intriguingly, proteasome activity seems to have
effects on myoblast differentiation and muscle atrophy.

Sphingolipids and ceramides also have a role in muscle inflammation and degenera-
tion. Recent in vitro findings showed that the impairment of ceramide kinase might be one
of the molecular mechanisms causing these effects [73]. In a different in vitro study, high
levels of TNF-α increased ceramides synthesis, harmed protein metabolism and induced
sphingolipid accumulation impairing myofiber formation [74]. This might be related to
a damaged endoplasmic reticulum involved in protein and lipid synthesis [75]. In vitro,
lipotoxicity and abnormal protein folding induce the production of long-chain ceramide
signals, metabolic disease, inflammation, and skeletal muscle degeneration [75]. To our
knowledge, the role of ORMDL-proteins in skeletal muscle damage has not been yet de-
scribed. Surely, there might be mechanisms related to ORMDL-proteins occurring during
muscle degeneration as seen in nerve impairment.

In summary, molecular mechanisms inducing demyelination seem to increase skeletal
muscle damage. All of this represents targets to improve regeneration in nerves and
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muscles. In the next section, we will discuss the potential effects of exogenous antioxidants
on specific molecular mechanisms to improve remyelination and muscle recovery.

4. Skeletal Muscle Regeneration along Antioxidant Induced Remyelination

Remyelination involves oligodendrocytes and Schwann cell differentiation for nerve
recovery [76]. In rats and mice, the inhibition of sphingomyelinase 2 (SMase2) restored
myelin production and improved ceramide content in the remyelinated nerves [77]. In mice,
remyelination occurs after contusion injury with the activation of the myelin regulatory
factor (Myrf) [78]. Myrf produced by oligodendrocytes and Schwann cells induce myelin
recovery in the impaired nerves [78]. Interestingly, Schwann cells in Myrf knockout mice
continue myelin production showing expression of specific markers such as myelin protein
zero (P0) [78]. Myelination by Schwann cells allowed partial recovery of the injured
nerves [78]. This indicates the critical adaptation of specialized myelinating cells to sustain
myelination upon injury.

Exogenous antioxidants are expected to activate molecular and anti-inflammatory
mechanisms to prevent degeneration and/or induce regeneration. Thus, therapeutical
antioxidant options and further research ought to target oxidative imbalance and altered
cellular pathways that cause neurodegeneration and skeletal muscle damage (Figure 2). In
this section, specific mechanisms of exogenous antioxidants observed in nerve and skeletal
muscle will be discussed.

Figure 2. Exogenous antioxidants in regeneration. Damaged myelin impairs innervation and neu-
romuscular junctions end in skeletal muscle fibers damage. Remyelination is one of the potential
effects of exogenous antioxidants that activate mechanisms to induce regenerative effects in skeletal
muscles including their functional recovery.
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Major endogenous antioxidants in nerves and skeletal muscles are superoxide dis-
mutases (SOD1, SOD2, SOD3), catalase, and glutathione [3,16,44]. Along with exogenous
antioxidants such as curcumin, EGCG, vitamins, and others, endogenous antioxidants may
induce regeneration by increasing protection against peroxidation [3,16,44]. Similarly, the
potential effects of polyphenols such as EGCG and other natural exogenous antioxidants ex-
hibit ROS reduction, decreasing inflammation, and myofiber formation [19,79]. The effects
of exogenous antioxidants on nerve regeneration and muscle recovery are summarized in
Table 1.

4.1. Curcumin

Curcumin is a phenolic compound with antibacterial, anti-inflammatory, and antioxi-
dant properties with potential effects on the recovery of neurodegenerative disorders [19].
In vitro, oligodendrocyte progenitor cells treated with curcumin showed improvement in
mitochondrial activity, and increased cell differentiation via PPAR-γ activation, ERK1/2
phosphorylation, and increased PGC1-α expression [80]. In vivo, a sciatic nerve crushed
injury model in rats was treated using curcumin [81]. This curcumin was administered
through a subcutaneously implanted pump at the site of injury [81]. There was functional
and morphological muscle recovery along with reduction of oxidative markers and in-
creased Nrf2 antioxidant in the treated groups [81]. This model shows promising results,
and it may consider delivering curcumin using a less invasive strategy. In general, Nrf2
seems to be relevant in muscle recovery and nerve regeneration by reducing demyelination
via exogenous antioxidant stimulation.

4.2. Flavonoids

Quercetin is a flavonoid found in multiple vegetables showing protective mitochon-
drial mechanisms, antiinflammation, and neuroprotection [19]. The flavonoid-derived
medication Baicalin was recently analyzed in vitro using oligodendrocytes and in vivo
in mice models of demyelination [82]. In vitro, Baicalin induced oligodendrocyte pro-
liferation, differentiation, and a reduction in the number of astrocytes [82]. In vivo, the
anti-inflammatory effect of this medication inhibited demyelination, promoted remyeli-
nation, and enhanced coordinated movement [82]. Additional neuroprotective effects
of Baicalin and similar flavonoids include mechanisms to reduce neurotoxicity caused
by aminochromes [83]. An aminochrome is a quinone formed during dopamine oxida-
tion known to induce mitochondrial dysfunction and subsequent neuroinflammation in
Parkinson’s disease [83]. It seems that flavonoids stimulate neuroprotection by preventing
lysosomal dysfunction and protecting against oxidative damage, even though all these
aspects are still under research [83]. Similarly, in a mice model of cuprizone, a model of
toxic demyelination, the treatment with the flavonoid Icariin increased myelin restoration,
APC+/Olig2+ mature oligodendrocytes, and brain-derived neurotrophic factor produc-
tion [84]. In general, flavonoids seem to induce neuroprotection by reducing neurotoxicity
showing possible therapeutical approaches, for instance, to improve treatments of Parkin-
son’s disease.

4.3. EGCG

Polyphenols such as epigallocatechin-3-gallate (EGCG) derived from green tea are
showing potential regenerative effects. In vitro, C2C12 myoblasts exposed to polyphenolic
EGCG showed a higher number of myotubes with increasing length [85,86]. EGCG activates
the transcriptional coactivator TAZ that in turn increases myogenin, myoblasts fusion,
and myotubes formation [85]. TAZ is related to tissue homeostasis, regeneration, organ
development, and myogenic differentiation that occurs through the stimulation of the
myogenic differentiation factor (MyoD) [85,87]. Similarly, EGCG stimulates miRNA-486-
5p expression and reduces myostatin promoting C2C12 myoblasts differentiation [86].
Myostatin is a member of the transcription growth factor β (TGFβ) family that inhibits
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satellite cell proliferation, myoblasts differentiation, and in vivo induces fibrosis in severely
injured muscles [88,89].

In a study using senescent mice was provided an enriched-EGCG diet for up to
eight weeks [86]. Their results showed a gradual increasing of muscle mass in this group
than in the group without this diet [86]. A similar result was found in a mice model of
dystrophy that showed improvements in force production in the treated mice for up to
eight weeks with EGCG than in the untreated group [90]. In the same study, the dystrophic
diaphragm and soleus showed a higher area of skeletal muscle and lower area of connective
tissue in time [90]. Aged rats were used in a hindlimb muscle atrophy disuse model [91].
The treatment with EGCG induced reduction of pro-apoptotic pathways, satellite cell
proliferation, cell differentiation, and force production in the treated group [91]. In this
group, oxidative markers were lower while SOD antioxidant markers were higher [91]. In
a different study, the crushed nerve injury in the hindlimbs of rats was treated with EGCG
intraperitoneally for up to 8 weeks [92]. There were increasing myelin sheath thickness,
nociceptive recovery, hindlimb reflex, and posture improvements such as standing on
the injured limb in the treated groups [92]. This study did not describe the functional
or histological analysis of hindlimb skeletal muscles. However, the recovery in posture
and coordinated movements indicate potential recovery in the injured muscles. All this
evidence suggests the activation of regenerative mechanisms in nerves and skeletal muscles
induced by exogenous antioxidant effects.

Another molecular mechanism involved in skeletal muscle regeneration induced by
EGCG is similar to the effects observed in insulin-like growth factor (IGF-1). In vitro,
IGF-1 enhances myotube formation in aligned scaffolds showing increasing length and
higher number of nuclei per myotube [93]. In vivo, IGF-1 delivered in aligned scaffolds
implanted in large excisional wounds showed myofiber formation and lower areas of
collagen in time [93]. In recent in vitro studies, skeletal muscle fibers isolated from mice
were stimulated to express Forehead box (Foxo)-O1 and Foxo-O3 [94,95]. These proteins
are implicated in muscle atrophy mainly by increasing protein degradation via E3 ubiquitin
ligase expression [94,95]. A decreased nuclear Foxo expression was observed in muscle
fibers exposed to IGF-1 and EGCG but not in the untreated cells [95]. The addition of ROS
such as H2O2 to the EGCG group cells did not increase nuclear Foxo activity [95]. All this
indicates that EGCG might promote additional protective effects in skeletal muscle fibers
comparable to those that occur upon IGF-1 stimulation.

In situ, in a model of severe nerve and muscle radiation injury in the rat hindlimb was
delivered EGCG in a biodegradable synthetic hydrogel scaffold [96]. It was observed three
months later increased antioxidant markers Nrf2 and MnSOD alongside reduced nNOS
and TNF-α [96]. The area of the regenerated nerve was higher in the EGCG-hydrogel group
than in the untreated group. The myelin sheath thickness and the number and diameter
of axons were also higher in the treated groups with EGCG-hydrogel [96]. In the same
study, the area of muscle fibers in the fibrotic muscles due to radiation exposition showed
higher recovery in the EGCG-hydrogel group than in the untreated group. Similarly,
strength and muscle mass were higher in the treated group [96]. The in vitro component
in this study included the effects of the scaffold EGCG-loaded using Schwann cell and
skeletal muscle fibers isolated from rats [96]. Their results one week after culture showed
higher proliferative ability and differentiation of both cell types in EGCG-hydrogel than
in control cultures [96]. All this preclinical evidence indicates that EGCG stimulates
nerve regeneration and potential recovery of atrophic muscles. All this is promising for
therapeutic approaches in nerve and skeletal muscle regeneration.

In a clinical study, 60 years-old patients were treated with EGCG for 12 weeks [97].
Their main results include increases in antioxidant activity, reduction of myostatin, and
grip strength [97]. The autoimmune and inflammatory effects seen in multiple sclerosis
disease are mostly demyelination and skeletal muscle damage [98]. A daily dose of 600mg
of EGCG was provided for up to 12 weeks to patients upon treatment for multiple scle-
rosis [98]. After moderate exercise, improvements in muscle metabolism such as lactate
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reduction, and stable carbohydrate oxidation were found over time [98]. Further analysis
beyond this study may include specific neural and muscular parameters for regeneration
in these patients receiving EGCG along with their treatment. This clinical evidence shows
regenerative effects of EGCG in the recovery of severely impaired skeletal muscle due to
demyelination. In summary, EGCG seems to stimulate molecular mechanisms for satellite
cell differentiation, skeletal muscle growth, and regeneration.

4.4. Vitamins and Other Elements

Regarding vitamins and other remyelinating components, vitamin E promotes myelin
maintenance and prevents cell damage as shown in mice [99]. The lack of this vitamin
causes axonopathy and demyelination [99]. The administration of vitamin E and vitamin
D3 in a rat model of multiple sclerosis showed antioxidant effects, reduced apoptosis,
and increased remyelination [100]. The treatment of the sciatic nerve injury in rats with
vitamin E mixed with pyrroloquinoline-quinone, a small molecule with antioxidant effects,
showed improvement in nerve function, increased muscle mass, and motor functional
recovery [101]. Vitamin C, or ascorbic acid, is also involved in peripheral nerve develop-
ment and maintenance for collagen synthesis and lipid protection showing antioxidant
effects [17].

Selenium is a trace element considered an essential micronutrient for eukaryotes and
procaryotes through the function of selenoproteins (Se1P). Knockout mice for this protein
showed problems in learning during training and impaired motor coordination [102]. Se1P
incorporates selenium in the form of selenocysteine and selenium-methionine residues [103].
In the CNS, selenium acts as a cofactor for glutathione peroxidase types I–IV and VI [104].

Table 1. Exogenous antioxidant effects on muscle and nerve regeneration.

Compound Type Effect on Muscle Effect on Brain/Neurons References

Vitamin C Ascorbic acid Antioxidant Peripheral nerve development
Antioxidant [17]

Quercetin Flavonoid
Recovery of neuromuscular
function. Reduction in skeletal
muscle atrophy.

Antiinflammatory neuroprotection [19]

Baicalin Flavone glicoside Reduce skeletal muscle damage
Oligodendrocyte proliferation,
differentiation. Improve remyelination,
activation of PGC1a

[82,83]

Icariin Flavonoid Angiogenesis, tendon
bone healing.

Myelin restoration, oligodendrocyte
maturation, BDNF increase. [84]

EGCG Polyphenol

Increase myotubes number
and length
Myogenic differentiation
Increase muscle area
Increase antioxidative
production. Reduction lactate
and stable
carbohydrate oxidation

Increase myelin sheath thickness
Nociceptive recovery Improvements
in posture

[85–98]

Vitamin E/ Tocopherol/ Antioxidant
Muscle recovery

Antioxidant effects
reduced apoptosis, increase remyelination.
Improvements in nerve and
motor function.

[99–101]

Vitamin D3 Cholecalciferol
Antioxidant effects
Reduced apoptosis, increase
remyelination

Selenium Antioxidant, microglial inhibition,
increased remyelination [102–106]

Selenium is also important in the function of SelP, a selenium-rich protein, present in
glial cells, the choroid plexus, and cerebral spinal fluid [104]. SELENOP1 is a metal binding
protein with antioxidant functions able to regulate the concentration of tau phosphorylated
protein and synaptic Zn2 in a mice model [105]. Finally, 18β-glycyrrhetinic acid is a
compound found in licorice roots shown to suppress the proinflammatory chemokines
CCL2, CCL3, CCL5, CXCL10, and CCL20 in mice models of encephalomyelitis [106]. This
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study showed microglial inhibition and increased remyelination possibly via the expression
of brain-derived neurotrophic factor (BDNF) [106]. All these vitamins and elements are
showing potential remyelinating effects worthy of deeper research. In general, the evidence
in this review is showing promising effects in remyelination and muscle regeneration
mostly induced by exogenous antioxidants.

Further strategies in sync with pharmacological treatment and antioxidant approaches
include physical activity. Exercise is another therapeutical intervention to reduce oxidative
mechanisms following demyelination to recover muscle mass and function [107,108]. The
genetic approach in mice models also aims to stimulate and accelerate myelin production
reducing inflammatory responses [64]. One of the mechanisms of accelerated remyelination
is the activation of peroxisome proliferator-activated receptor gamma co-activator 1-alpha
(PGC1a) that increases during exercise in mice [109]. It seems that accelerating remyelina-
tion after autoimmune inflammation protects the axon structure and prevents axonal loss
in the central nervous system.

To last, a growing worldwide disorder triggering neurodegeneration is obesity [35,110].
This condition increases nerve damage and shows impaired nerve regeneration also in
absence of diabetes [35,110]. In obese rats, the recovery of mechanical injuries of the sciatic
nerve showed a lower number of myelinated axons and thinner myelin sheath than the
normal weight group [111]. Similarly, hyperlipidemia, or high levels of lipids in the blood,
constitutes a risk that may induce neuropathy and peripheral nerve dysfunction [112].
Lowering weight and preventing hyperlipidemia may reduce the risk and peripheral
neuropathy effects [113]. Obesity may also cause muscle damage and impair skeletal muscle
regeneration [114]. Satellite cells from limb muscles in obese mice showed reduced activity
of AMP-activated protein kinaseα [114]. This enzyme stimulates myogenin expression and
myoblasts fusion for its inhibition decreases the regenerative ability in skeletal muscles [114].
Oxidative stress and exacerbation of multiple inflammatory responses in obesity induce
the inhibition of AMP-activated protein kinaseα [114,115]. Then, based on the evidence
in this review, exogenous antioxidants such as flavonoids, EGCG, and vitamin E may
reduce oxidative damage and inflammation improving the regenerative ability of nerves
and skeletal muscles.

To conclude, autoimmune and inflammatory mechanisms cause demyelination and
nerve damage that harms skeletal muscles causing myopathy-like destruction. Oligo-
dendrocytes and Schwann cells show adaptive responses upon injury and incomplete
remyelination. Approaching mechanisms such as Nrf2, ORMDL, proteasomes, and others,
might improve remyelinating therapies. Additional targets with potential pharmacological
interest include the metabolic regulation of ceramides and their association with inflamma-
tory mechanisms. Preclinical evidence using antioxidants such as curcumin, EGCG, and
other exogenous antioxidants showed regenerative effects. These effects include stimu-
lation of oligodendrocyte and Schwann cell differentiation, increased myelin production,
reduction of oxidative stress, increased endogenous antioxidant activity, recovery of the
neuromuscular junctions, and skeletal muscle functional recovery. Then, inducing simulta-
neous regeneration of nerves, skeletal muscle, and neuromuscular junctions along with
current approaches will enhance the overall recovery discussed in this review.
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Abbreviations

ADEM Acute disseminated encephalomyelitis
AQP4 Aquaporin 4
BDNF Brain-derived 590 neurotrophic factor
CCL Chemokine
CD3 Cluster of differentiation 3
C1P Ceramide1-phosphate
COX-2 Cyclooxygenase 2
CSF-1 Colony stimulating factor
EGCG Epigallocatechin Gallate
ERK1/2 Extracellular signal-regulated kinase 1/2
GFAP Glial acidic fibrillary protein
HIF-1 Hypoxia inducible factor-1
IGF-1 Insulin-like growth factor 1
IL Interleukin
JAK-STAT JAK (Janus Kinase)-STAT signaling pathway
MAG Myelin-associated glycoproteins
MDEM Multiphasic disseminated encephalomyelitis
MHC-II Major 301 histocompatibility-II Complex
Myrf Myelin regulatory factor
MOG Myelin oligodendrocyte glycoprotein
NF-kB Nuclear Factor type KB
Nrf2 Nuclear factor E2-related factor
ORMDL3 ORMDL (Orm1-like3) sphingolipid biosynthesis Regulator 3
PLC Phospholipase C
PGE2 Prostaglandin E2
PGC1a Peroxisome proliferator-activated receptor gamma co-activator 1-alpha
PPAR-γ Peroxisome proliferator-activated receptor gamma
ROS Reactive Oxygen Species
SC Schwann cells
SMase Sphingomyelinase
S1P Sphingosine1-phosphate
SOD Superoxide dismutase
TNF Tumoral necrosis factor
TGF-β Transforming growth factor beta
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Abstract: Following most injuries to a musculoskeletal tissue which function in unique mechanical
environments, an inflammatory response occurs to facilitate endogenous repair. This is a process
that usually yields functionally inferior scar tissue. In the case of such injuries occurring in adults,
the injury environment no longer expresses the anabolic processes that contributed to growth and
maturation. An injury can also contribute to the development of a degenerative process, such as
osteoarthritis. Over the past several years, researchers have attempted to use cellular therapies to
enhance the repair and regeneration of injured tissues, including Platelet-rich Plasma and mesenchy-
mal stem/medicinal signaling cells (MSC) from a variety of tissue sources, either as free MSC or
incorporated into tissue engineered constructs, to facilitate regeneration of such damaged tissues.
The use of free MSC can sometimes affect pain symptoms associated with conditions such as OA,
but regeneration of damaged tissues has been challenging, particularly as some of these tissues have
very complex structures. Therefore, implanting MSC or engineered constructs into an inflamma-
tory environment in an adult may compromise the potential of the cells to facilitate regeneration,
and neutralizing the inflammatory environment and enhancing the anabolic environment may be
required for MSC-based interventions to fulfill their potential. Thus, success may depend on first
eliminating negative influences (e.g., inflammation) in an environment, and secondly, implanting
optimally cultured MSC or tissue engineered constructs into an anabolic environment to achieve
the best outcomes. Furthermore, such interventions should be considered early rather than later
on in a disease process, at a time when sufficient endogenous cells remain to serve as a template
for repair and regeneration. This review discusses how the interface between inflammation and
cell-based regeneration of damaged tissues may be at odds, and outlines approaches to improve
outcomes. In addition, other variables that could contribute to the success of cell therapies are
discussed. Thus, there may be a need to adopt a Precision Medicine approach to optimize tissue
repair and regeneration following injury to these important tissues.

Keywords: musculoskeletal repair; mesenchymal stem cells; inflammation; tissue engineering;
tissue regeneration

1. Introduction

1.1. Purpose of the Review

The purpose of this review is to present the current state of cellular therapy uses in
enhancing the repair of injured or damaged tissues of the musculoskeletal system (MSK),
and then propose approaches to improve the application of such approaches. The review
focuses on soft tissues of the MSK that function in unique biomechanical environments.
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The organization is to initially present the scope of the problem and then address why in-
flammatory processes are relevant to the topic, and how they will likely influence outcomes
of cellular therapy interventions. Subsequently, the discussion focuses on the way forward
to improve outcomes regarding the healing of these tissues when injured. The content of
the review and the perspectives presented are based on an assessment of articles in the
PubMed database from the past 30 years with representative articles cited.

1.2. Characteristics of Musculoskeletal (MSK) Tissues

Tissues of the musculoskeletal system (MSK) (i.e., cartilage, menisci, ligaments, ten-
dons, muscles, bone) are designed to provide a mechanical function to aid mobility. At the
time of birth, many of them are “cell rich and matrix poor” but become more “matrix rich
and cell poor” during growth and maturation discussed in [1,2]. This occurs as the mechan-
ical demands increase and the cell density declines due to matrix deposition. In addition,
many of these tissues have a low density of a microvasculature and innervation [3–5], with
mature articular cartilage devoid of both. Some tissues, such as ligaments, also contain a
few immune-related cells that could initiate an endogenous inflammatory response [6,7].

Many of the tissues of the MSK system have very complex organizations either at
the macro or micro level. Tendons in different locations (i.e., Achilles tendon, patellar
tendon, supraspinatus tendon of the shoulder) have different properties but all have an
insertion site at the bone interface enthesis [8–10], a mid-substance and a myotendinous
junction where it inserts into the muscle as discussed in [11,12]. The menisci of the knee
have a central region devoid of a microvasculature and innervation that is collagen II-rich
and a peripheral region that has a microvasculature and some innervation, discussed
in [13]. The complexity of the matrix organization in the two areas are very different and
are quite sophisticated in their complexity [14–16]. The template for the organization of
this complexity is likely laid down during development and then expanded upon during
growth and maturation. As this complexity was likely optimized during evolution to
address the required function in the mechanical environment, it would be difficult to
replicate many of them in a tissue-engineered construct. The exceptions to this conclusion
are bone which heals quite well when injured in most locations, and muscle which also
heals well in most circumstances.

Tissues of the MSK system are complex at multiple levels (macro structure and matrix
organization) and vary in different mechanical environments. They are dynamic and can
respond to changes in the mechanical environment. Bone can respond to changes in loading
and become strengthened [17–19]. In contrast, several MSK tissues can undergo atrophy if
not used appropriately and become “deconditioned” [20]. Following an injury, MSK tissues
often requires immobilization (e.g., putting a leg in a cast when a bone is broken) which is
a “deconditioning” environment for healing to initially take place.

This scenario poses some questions regarding signaling for healing and responsive-
ness to pro-healing signals/mediators. If one immobilizes the leg of a very young animal,
such as a rabbit, the medial collateral ligament of the knee almost immediately ceases to
grow in this anabolic environment [21]. The cells in what is normally a biomechanically
active environment do not receive the signals regulating growth and growth stops in such a
“deconditioning’ environment. After skeletal maturity, when the presence of anabolic medi-
ators contributing to growth and maturation are diminished in expression, immobilization
and deprivation of normal loading can lead to atrophy, potentially by the de-repression of
a cassette of catabolic genes that includes some pro-inflammatory genes, such as IL-1 [22].

The characteristics of the various MSK tissues described above must be considered
when attempting to repair or regenerate these tissues following injury.

1.3. The Inflammatory Response

Fundamentally, the inflammatory response is one that is designed to enhance survival
after an injury (i.e., a cut in the skin) or exposure to environmental threats, such as microor-
ganisms. After an injury to a tissue, the inflammatory response can also facilitate repair via
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clearance of damaged tissue components or microorganisms, and then initiate the fibrotic
process with formation of a scar tissue, a process that is central to wound healing success
as reviewed in [23]. Thus, scar formation in response to the injury of some tissues offers a
survival advantage, but for MSK tissues that function in defined mechanical environments,
scar tissue is not adequate for the optimal functioning of tissues, such as tendons, ligaments
and menisci.

Because of its potential to also cause harm, inflammatory responses are regulated
in a very complex manner, depending in part on the initiating factors, the extent of the
response that is needed (i.e., the size and location of the wound) and the ability to initiate
the downregulation of the response via both removal of the inciting events and elabora-
tion of anti-inflammatory molecules, such as resolvins and related molecules [24–27]. In
“normal” circumstances, the inflammatory response can be acute in nature followed by
a resolution. However, if the inciting stimulus is not removed, this can lead to a state of
chronic inflammation and fibrosis, with the development of pathology and loss of func-
tion of the affected tissues (i.e., pulmonary fibrosis, liver cirrhosis). After the transition
from an acute inflammatory state to a more chronic state, such inflammation can become
more difficult to control, possibly due in part to epigenetic alterations in the site of the
response [28–30]. As some epigenetic alterations may be reversible [29,31,32], this may be
an effective approach to enhance the potential for regeneration of damaged MSK tissues
where a chronic inflammatory state is evident.

The timing of the onset of the ability to mount an inflammatory response during
development has provided some interesting insights into the relationship(s) between tissue
development and inflammation. Thus, the organization template of tissues and organs
appears prior to an ability to mount an effective inflammatory response; however, some
aspects of this relationship are still controversial as discussed in [23,33,34]. Injuries in some
locations, such as cutaneous wounds, heal by regeneration if incurred early in fetal life,
but they heal with the formation of scar tissue after the onset of effective inflammatory
response capabilities are in place. Further study of scarless versus scar-forming wound
healing may provide new clues to how to regulate the responses in adults to further
attempts for successful tissue regeneration as discussed in [35].

Inflammatory responses are also influenced by sex steroids, and thus the response
pattern would be influenced by both puberty in males and females, and in females after
menopause, reviewed in [36,37]. It is well known that inflammatory processes can decline
in the elderly, and this appears to involve estrogens [38,39].

2. Interactions between Inflammation and Injured Connective Tissues of the MSK
System-Loss of Function

After skeletal maturity, injury to load bearing connective tissues, such as some lig-
aments, tendons and menisci can lead to the host attempting to initiate repair using the
wound healing apparatus, or a failure to initiate such a response as in the case of complete
rupture of the anterior cruciate ligament (ACL) of the knee, or after generation of a defect in
articular cartilage. In the case of the ruptured ACL, the two ends of the ligament cannot find
each other and thus a reconstruction with an autologous tissue section of a tendon [40,41]
or an allogeneic tissue is required. In this circumstance, the reconstruction operation is
another inflammatory stimulus with additional tissue damage due to the drilling of bone
and cutting to gain access to the interior of the joint. In the case of articular cartilage defects
due to the lack of innervation and a microvasculature, they are believed to contribute to a
lack of healing unless some interventions are initiated, discussed in [42].

For those connective tissues that evoke an inflammatory response when injured, the
result is the formation of scar tissue (outlined in Figure 1). In the case of the injured medial
collateral ligament (MCL) of the knee, the injured tissue becomes rapidly “healed” with an
early scar tissue that is comprised of a ~50–50 mixture of collagen II and collagen I [43,44]
(the normal ligament is ~90% collagen). In contrast to the normal MCL, the collagen fibrils
in the early scar tissue exhibit a random orientation that gradually becomes aligned along
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the length of the tissue over time [43]. However, even when aligned, the collagen fibrils
are of a small diameter compared to the biphasic size distribution in the normal tissue.
By two years post-injury, some large collagen fibrils appear but the ligament is much
weaker than normal for much of this time period [44]. For the MCL, this weakness does
not compromise function as it is a stabilizing ligament that operates normally in the toe
region of its stress–strain curve. However, this model does show that in the context of an
inflammatory response, the healing process does not lead to a regeneration of the normal
tissue even after a protracted period of time post-injury or post-surgery. The process does,
however, lead to a partially functional tissue.

 

Figure 1. Sequence of events following injury to soft tissues of the MSK system. Following injury
to most soft tissues of the MSK system, a sequence of events leading to scar tissue formation and
maturation occurs (A). This sequence of events involves an inflammatory response that resolves over
time as the scar tissue forms and matures. In some tissues, these events do not lead to a healing
response and involve an inflammatory response that may become chronic with development of
pathology and loss of function (B).

The situation in a reconstructed ACL is somewhat different, but again shows that
an inflammatory process can likely lead to a functional compromise of the tissue. When
implanted, a patellar tendon or hamstring tendon graft is likely stronger than the original
ACL but has some properties that differ from the ACL as discussed in [45]. Using an
allogeneic ACL graft should provide at least something of equivalent strength. However,
over time, such reconstructions begin to undergo creep and stretch out [46–48], with the
implanted material becoming more scar-like. The basis for this response pattern could be
in part, due to damage to the grafts while preparing for the reconstruction, and/or due
to the inflammation associated with the operation contributing to a local inflammatory
environment that persists. Interestingly, treatment of the graft environment with an anti-
inflammatory glucocorticoid can prevent or diminish this effect [49,50]. In contrast to the
MCL, the ACL operates in a high stress environment and so the functional compromise
over time that is observed following reconstruction can lead to dysfunction of the knee as
discussed in [46].

The consequences following an injury to the menisci of the knee are likely more
complex than those for the ligament injuries. The mechanical environment for a meniscus
is complex, with the central area exposed to compressive loads, while the periphery is more
ligament-like and is subjected to hoop stresses, discussed in [16]. Injuries to the periphery
often do heal, depending on the extent and type of injury, perhaps due to its nascent blood
supply and innervation. However, being in a high stress environment often leads to repair
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failure, and if the tissue has to be surgically removed, it can lead to an increased risk for OA
as reviewed in [51]. Of relevance to this discussion is the fact that some injuries to menisci
of the knee in young individuals do heal with some interventions [52], likely via the more
anabolic environment operative during active growth and maturation.

Injuries to articular cartilage do not heal, and even surgical interventions to promote
repair either do not work well or are only temporary in outcome. Initiation of surgical
interventions to stimulate repair by microfracture of the bone beneath the cartilage leads to
fibrocartilage and not hyaline cartilage [53,54], and if left alone, many defects will progress
to overt OA over time. Transplantation of chondrocytes from non-loading parts of the joint
to defects arising in highly loaded areas of the cartilage do offer some repair potential as
reviewed in [55,56].

The above discussion leads to two important conclusions: (1) inflammation associated
with injury or surgical interventions to mechanically active connective tissues of the MSK
system serve an important function in relation to scar formation, but need to be controlled
as scar tissue compromises the function of many of these tissues; and (2) a return to function
of injured connective tissues in mechanically active environments is often compromised
and new approaches are needed to facilitate regeneration and return to function (outlined in
Figure 1). However, even the use of newer interventions with tissue engineered constructs
to regenerate compromised tissues will need to consider effective control of inflammatory
processes which could compromise the effectiveness of such approaches over the long term.

3. Factors That Can Complicate Post-Injury Processes and Inflammation

The repair of connective tissues of the MSK system damaged by injury and/or disease,
particularly in skeletally mature subject or older individuals where the natural healing
process has been compromised during the aging process, may be an influencing factor.
As individuals age, the immune and inflammatory processes can diminish, as reviewed
in [36]. In females, inflammatory responses may be altered after menopause, possibly via
the effects of loss of estrogen on macrophage functioning [38,39]. Inflammatory responses
in females can be altered during pregnancy as discussed in [57,58]. Therefore, females may
generally regulate inflammatory processes differently than males. Therefore, sex and stage
of life are important variables to be aware of in planned studies.

While normal healthy young adults can usually heal without complications, there are
factors that can potentially interfere with healing processes in addition to those mentioned
above. These include the presence of diseases, such as diabetes, inflammatory autoimmune
diseases and obesity, reviewed in [59,60]. In a preclinical rat model, the presence of induced
type 2 diabetes led to altered healing of an injury to the Achilles tendon [61–63], and it
is well known that, in humans, those that are diabetics often do not heal well or exhibit
delayed healing, reviewed in [60]. Obesity can lead to development of metabolic syndrome,
with an on-going low level of inflammation, reviewed in [64]. Obesity can also lead to
altered structure of tendons, such as the Achilles tendon [65,66], which may increase risk of
injury. Based on these considerations, co-morbidities can likely also impact the healing of
injured connective tissues, such as tendons, reviewed in [60], and others.

Obviously, the use of some medications to treat co-morbidities could also influence out-
comes depending on the type and dosages being used. Treatment with anti-inflammatory
medications, such as NSAIDS [67–69] or high or continuous doses of glucocorticoids [70,71],
could potentially adversely affect outcomes after interventions with cell therapy approaches.
Therefore, the presence of co-morbidities and their treatment, as well age and sex, should be
recognized and addressed before initiating interventions to enhance the repair/regeneration
of injured connective tissues of the MSK system. Failure to do so could complicate the
results of clinical trials using experimental interventions, such as cellular therapies.

133



Biomedicines 2022, 10, 1570

4. The Role of Mechanics in Connective Tissue Repair and Regeneration: The
Interface with Biology Is Critical

While many tissues function in the context of a mechanical environment, such as
the lung, skin, and the cardiovasculature system, tissues of the musculoskeletal system
function in a variety of compressive, shear or tensile environments, and their complex
structures reflect such requirements in unique and specialized environments. While the
composition and functioning of tissues, such as tendons, ligaments, menisci and articular
cartilage can undergo changes with aging [2,72–74], it is not known in detail if they have
evolved to their optimum to last for >80–90 years. It is clear that structure and function
relationships are critical to the performance of functional activities. The prevailing wisdom
is that engineering of artificial MSK tissues should lead to a construct that mimics the
original that developed in utero and during growth and maturation, discussed in [75].

There are various approaches to address the issue of the biomechanical environment
with regard to the development of constructs to facilitate the repair and regeneration of
damaged or diseased MSK tissues. The first is to use an artificial scaffold containing
cells, with the scaffold supplying a somewhat rigid but biodegradable template after im-
plantation to allow the cells to adapt to the in vivo conditions in a mechanically active
environment [76,77]. A second approach is to condition the in vitro generated scaffold
containing matrix molecules, such as collagen I to which cells have been added, in a biome-
chanically active environment in vitro, prior to implantation [78]. These two approaches
allow for the cells in the constructs to adapt to early loading and respond with enhanced
secretion of extracellular matrix components, as well as adapt to loading and make ad-
justments to the cellular apparatus to allow survival and functioning when implanted.
While some of the studies have used cells derived from tissues, others have shown that
undifferentiated mesenchymal stem cells can also respond to mechanical loading in vitro
in unique manners [79–82].

In studies with a tissue engineered construct [TEC] containing synovium-derived MSC
and the matrix generated by these cells in culture as discussed in [83], the TEC were gener-
ated in the absence of loading in vitro. Following implantation, the cells appear to respond
to the in vivo loading environment and form a hyaline-like repair tissue based on in vivo
cues and the cells that are presented [84]. In this model, it would likely not be advantageous
to expose the cells to mechanical loading regimens in vivo as the self-aggregation of the
in vitro generated TEC is critical for the subsequent in vivo implantation. Exposure to
in vitro loading may interfere with the post-implantation process. For other applications
focused on the repair of MSK tissues functioning in tensile-loading environments, in vitro
loading could be beneficial.

While there is some variation in the use of mechanical loading of constructs for the
repair and regeneration of damaged MSK tissues, their use depends on the type of tissue
being repaired (i.e., ligament, tendon or cartilage) and the in vivo loading environment
that the constructs will be subjected to following implantation. In some circumstances,
in vitro loading prior to implantation could lead to the generation of a construct with a
better organized matrix and increased mechanical integrity, but in other situations, such
loading could compromise some of the attributes of the construct. Therefore, the use of
in vitro loading depends on the applications a construct will be used for in vivo.

5. Enhancing Repair/Regeneration of Injured Connective Tissues of the MSK System

Given the limitations or variables affecting healing after an injury, much research
has focused on developing new approaches to enhance repair, often with the goal of
tissue regeneration. One approach involves the use of Platelet-rich Plasma (PRP) [85–87],
while others have used growth factors [88] and molecular blocking approaches (anti-sense,
specific antibodies, enzyme inhibitors) as reviewed in [89–93].

PRP is usually derived from autologous blood and then injected into the site of a
wound such as that in a tendon [94,95], ligament [96–98] or meniscus [99]. As platelets
contain a number of growth factors and other relevant molecules, by injecting the PRP
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into the wound site at the time of surgical repair after degranulation the platelets can
release their contents and create an enhanced anabolic environment. Such preparations
have also been used in the conservative treatment of OA of the knee where the PRP is
believed to alleviate the symptoms of pain and perhaps exert an anti-inflammatory effect
in the intra-articular space reviewed in [85–87]. Unfortunately, in the latter scenario the
efficacy of the PRP can be variable and not all patients respond positively. Whether this
variability is due to the platelets and their content, or the method of preparation is not well
defined. There are several methods that have been used for the preparation of PRP [85]
as well as host variables that could impact the efficacy (e.g., co-morbidities, medications,).
Some applications of PRP for the treatment of MSK diseases, tissues and conditions are
summarized in Table 1. As this is a large literature, the citations in Table 1 are representative
of the field in general.

Table 1. Applications of Platelet-Rich Plasma in Cell Therapy for Connective Tissue Repair
and Regeneration.

Tissue Species Condition Article Type Year Citation

Sports Injuries Humans Several Review 2022 Herdea et al. [100]
Humans Several Review 2009 Sanchez et al. [101]

MSK Canine Several Review 2021 Sharun et al. [102]
Cartilage Human OA Review 2022 Cash et al. [103]

Human Knee OA Review 2022 Sax et al. [104]
Human OA Review 2022 Trams et al. [105]
Human OA Review 2020 Kydd & Hart [86]
Human Defects Trial 2022 Venosa et al. [106]

Tendons Human Epicondylitis Review 2022 Li et al. [107]
Human Tendinopathy Review 2022 Barman et al. [108]
Human Tendinopathy Review 2022 Cash et al. [103]
Human Tendinosis Trial 2006 Mishra & Pavelko [109]

Ligaments Porcine ACL Trial 2007 Murray et al. [110]
Human ACL Review 2013 Braun et al. [111]
Human ACL/MCL Review 2022 Kunze et al. [97]

IVD Human Degeneration Review 2020 Chang et al. [112]
Animal Degeneration Review 2017 Li et al. [113]
Human Degeneration Review 2017 Basso et al. [114]
Human Low Back Pain Trial 2022 Akeda et al. [115]

Menisci Human Sports Review 2022 Herdea et al. [100]

OA = Osteoarthritis; ACL = Anterior cruciate ligament; MCL = Medial collateral ligament; IVD = intervertebral
disc. Citations are representative of the field and many more exist in PubMed for some categories.

As an alternative to PRP as a source of growth factors and other anabolic molecules,
some studies have used specific growth factors as supplements in an attempt to enhance
the healing of injuries to these connective tissues [116–118]. Thus, some studies have used
growth factors, such as angiogenic factors [119] and others, such as IGF-1 [118,120], in an
attempt to enhance healing. One of the limitations of this approach is the short half-life of
growth factors or the binding of growth factors to extracellular matrix (ECM) components,
which makes them unavailable for interacting with cells.

Use of approaches that can lead to blockages of specific steps or molecules during
healing has also been tried by many investigators, but with limited success as reviewed
in [90,91,93,121]. Some of the limitations relate to the half-life of the molecules, the speci-
ficity of the interventions or a failure to disseminate throughout a dense scar tissue, even
when early in the process [121].

It should be noted that most, if not all, of the previously described studies did not
attempt to control any on-going inflammatory processes that were occurring in conjunction
with the injury or any surgical intervention. The use of anti-inflammatory drugs imme-
diately after induction of the injury and/or a surgical intervention is shown to inhibit
sequelae to an injury or the inflammation in a joint. This is shown in both rabbits [49]
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and pig models [50]. However, one would have to be careful not to use concentrations of
such anti-inflammatory molecules so as to not interfere with the normal healing process.
Furthermore, high doses of drugs, such as high dose glucocorticoids, may have unintended
consequences regarding mesenchymal stem cells in a joint that could participate in the
healing process [70].

Thus, going forward, if attempts are made to improve the healing environment to
achieve better healing outcomes, an approach using both anti-catabolic/inflammatory
elements and a pro-anabolic aspect should be utilized in order to optimize their potential.

6. Use of Single Cell Preparations of Mesenchymal Stem/Signaling Cells (MSC) to
Enhance the Repair/Regeneration of Damaged Mechanically Active
Connective Tissues

Cells called mesenchymal stem cells, mesenchymal stromal cells or mesenchymal
progenitor cells have been studied primarily since the early 1990s, reviewed in [122,123].
These cells express a subset of cell surface antigens and can be induced to differentiate
in vitro into cells of various lineages, such as osteogenic, adipogenic and chondrogenic cell
lineages. They can be isolated from bone marrow, adipose tissue, skin, brain and many
tissues reviewed in [123]. Differences in the ability to differentiate towards the different
lineages were noted between cells isolated from different locations [122–124]. However,
MSC isolated from individual tissues demonstrates extensive heterogeneity, discussed
in [123–125].

While the cells that were labeled mesenchymal stem cells ~30 years ago, attempts to use
preparations of free MSC to repair damaged connective tissues by the injection of millions
of cells into a local space, such as a joint, or systemically into the circulation, they have not
yielded a reproducible effective repair of the damaged tissues, possibly due to a failure to
home and be retained at the injury sites [108]. Some of this limitation may be overcome by
engineering membrane expression of molecules to enhance localization, reviewed in [123].
While the injection of free MSC into osteoarthritic knees did not lead to overt repair of
the damaged cartilage, it was noted that injection of such cells from various sources could
lead to a lessening of the pain and inflammation of OA, reviewed in [126,127]. Some
studies indicate that MSC were injected, but many reports used preparations that were not
pure MSC and instead were a mixture of cells labeled Bone Marrow Aspirate Concentrate
(BMAC) that may contain BM, MSC or BM stromal cells, but also other cells from the BM
discussed in [87,128]. A recent report [129] indicated that BMAC was more efficacious than
PRP, but it cannot be concluded that this was due to the MSC in the preparations.

This failure of free MSC to initiate effective repair of damaged tissues led Caplan to
hypothesize that perhaps MSC should be relabeled Medicinal Signaling Cells (MSC) as they
may function by secreting or releasing vesicles containing factors or mediators that enhance
the ability of endogenous cells to initiate effective repair [130]. In this scenario, MSC would
release factors that would interact with residual endogenous cells at a site of injury to
then repair their own tissue. While this is an interesting possibility, such abilities may be
compromised by an inflammatory environment at the site of tissue injury [131,132]. Thus,
in the intra-articular environment is an inflammatory process which led to an alteration of
the synovial fluid MSC that compromised their ability to aggregate, likely via the actions
of the mediator MCP-1 [131]. Therefore, unless such inflammation is curtailed, the MSC
might still be compromised in fulfilling a role as a signaling cell,

Furthermore, if indeed MSC are signaling cells, they should likely not be used as a
treatment of “last resort” in situations like OA when the articular cartilage is in a severely
degenerated state so there may be little template available to initiate effective repair. With
regard to other injured tissues, such as tendons and ligaments, it remains to be determined
whether the addition of MSC treatments will help “re-direct” early scar-forming cells
towards a more normal tendon or ligament structure. Of note is that once injured, there is
also an initial inflammatory environment, but also there is a loss of biomechanical integrity
and thus the initial scar tissue is not biomechanically loaded in a real functional manner, and
it takes some time for the collagen fibrils of a scar to realign to allow for function loading
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again [43]. How the MSC would interpret the direction of need in such circumstances
remains to be determined.

While the concept of MSC with a signaling role may still have some potential limi-
tations, there are recent lines of evidence that indicate that MSC can release extracellular
vesicles (EV), sometimes labeled exosomes, that are membrane enclosed packets containing
growth regulators, miRNAs, and other relevant molecules as reviewed in [133–136]. In a
repair context, once MSC are localized they could release EV-containing molecules that
could enhance the endogenous healing process, as these EV could then be taken up by
endogenous cells leading to enhanced healing. Thus, the molecules contained in EV would
be somewhat protected from degradation that might occur if they were secreted as indi-
vidual molecules, particularly by proteinases or RNases in an inflammatory environment.
However, while EV may enhance healing under controlled conditions, it remains to be
determined how effective they may be when injected in vivo into inflammatory conditions.

In addition, it also remains to be determined whether the differentiation potential of
MSC as progenitor or stem cells should be dismissed in favor of strictly a signaling role,
discussed in [125]. Certainly, both roles may be useful in the enhanced repair of tissues
when used in a tissue engineering approach to generate constructs that appear to enhance
the healing of human cartilage defects when implanted [137]. Some applications of MSC
for the treatment of MSK diseases and conditions for specific tissues are summarized in
Table 2. As this is a large literature, the examples indicated are representative of this large
and expanding field.

Table 2. Applications of Mesenchymal Stem/Progenitor Cells for Connective Tissue Repair
and Regeneration.

Tissue Species Condition Article Type Year Citation

Orthopedic Disease Humans Several Review 2022 Malekpour et al. [138]
Humans Several Review 2022 Ren et al. [139]
Horses Lameness Original 2019 Longhini et al. [140]

Cartilage/OA Human General Review 2021 Zha et al. [141]
Human General Review 2021 Vahedi et al. [142]
Human Defects Review 2021 Meng et al. [143]
Human Defects Trial 2018 Shimomura et al. [137]

Tendons Preclinical General Review 2016 Leong & Sun [144]
General Injury Review 2021 Liu et al. [145]
Human Tendinopathy Review 2021 Meeremans et al. [146]

Ligaments Preclinical ACL Review 2015 Jang et al. [147]
Human ACL Review 2015 Jang et al. [147]

Menisci Preclinical Injury Review 2015 Yu et al. [148]
Human Injury Review 2017 Chew et al. [149]

All Injury Review 2021 Rhim et al. [150]
All Injury Review 2022 Zhou et al. [151]

IVD All Degenerated Review 2021 Croft et al. [152]
All Degenerated Review 2022 Liang et al. [153]
All Degeneration Review 2022 DiStefano et al. [154]

Muscle Rat Injury Original 2021 Barbon et al. [155]

OA = Osteoarthritis; ACL = Anterior cruciate ligament; IVD = Intervertebral disc. Citations are representative of
the field and many more exist in PubMed.

7. Use of MSC in Tissue Engineered Constructs to Enhance Repair of Injured or
Diseased Tissues

While the use of free MSC has not yielded consistent success in repairing damaged
tissues, using them in constructs generated in vitro has led to some successes for some tis-
sues. MSC isolated from a variety of tissues have been isolated and then often incorporated
into synthetic scaffolds, scaffolds with other ECM-like matrix components, an endoge-
nous natural protein matrix or a hybrid synthetic/natural matrix, reviewed in [156–159].
Recent advances in bioprinting may offer more sophisticated and complex scaffold-cell
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constructs [160–162]. Such constructs are then implanted into defects in tissues or in an
injury site. As many of the scaffolds used are biodegradable, it is then hoped that they will
be replaced by a natural matrix over time. Interestingly, in nearly all reports of studies
assessing the efficacy of such implants, there is no mention that the inflammatory environ-
ment generated by the implantation procedure has been controlled or addressed in any
manner. In spite of this limitation, some successes are reported, particularly in the repair of
articular cartilage which does not heal effectively without intervention.

While many studies have reported the use of MSC in biodegradable scaffolds, several
studies using a Tissue-Engineered Construct (TEC) consisting of synovium-derived MSC in
a matrix secreted by these cells in vitro for the repair and regeneration of difficult to repair
tissues, such as articular cartilage [83,163], menisci [164–166] and intravertebral discs [167].
The initial cartilage studies were performed in a large animal model (pigs [83,163]), while
more recent studies have resulted from implantation into patients with articular cartilage
defects in a pilot “proof of principle” design [137,156]. The advantages of the autologous
TEC approach are: (1) it does not require an artificial scaffold as the matrix generated
by the in vitro culturing serves that purpose; (2) once released from the culture dish, it
spontaneously aggregates into a construct with the cells and matrix intermixed; (3) when
implanted into an injury site it adheres to the residual tissue and does not require fixation,
possibly due to the fibronectin in the construct; (4) the cells in the TEC are not differentiated
prior to implantation but then appear to differentiate in vivo and respond to local environ-
mental factors including the mechanical loading conditions, or interact with endogenous
cells to facilitate repair. In the case of articular cartilage repair, after implantation, the TEC
leads to development of the layered structure of articular cartilage with a change in matrix
molecules production appropriate for the in vivo conditions [84,165]. In the pilot studies
in patients with articular cartilage defects, the implanted tissues have been assessed post-
implantation [122,123]. While there is some variation in the structures resulting from the
TEC implantation, all defects were filled, and some appeared to be regenerated [137,156].

It should be noted that the TEC implantation studies in both the preclinical models and
the pilot human studies, the authors did not attempt to control any inflammation resulting
from the implantation surgery or the initial event leading to the formation of the defects. In
addition, they did not add any potential anabolic stimuli, such as PRP, to possibly negate
the inflammation and provide further enhancement of healing. These latter points are
interesting since all of the patients were skeletally mature (both males and females) and
thus the post-implantation differentiation occurred in the absence of any factors present
during early growth and maturation prior to puberty. As these studies were focused on
limited defects in the articular cartilage, there was likely sufficient residual cartilage present
to serve as a template and/or provide local factors required to maintain cartilage which
were active when provided the right cell/matrix construct. It remains to be determined
in detail how a local mechanical environment contributes to the development of articular
cartilage, menisci, or intravertebral discs in conjunction with biological cues, discussed
in [75].

While the studies in both preclinical models and in the pilot studies with patients
with articular cartilage defects have exhibited very promising results, the outcomes are
likely still in need of improvement. It was noted in the porcine studies that the repair
cartilage exhibits hyaline-like characteristics but does not lead to regeneration of the surface
layer [168] that has been called the lamina splendens [169]. As this superficial surface
layer has been suggested to serve a barrier function for the hyaline cartilage [170] as well
as a lubrication function [171], failure to regenerate this barrier may compromise long
term survival of the repair tissue, reviewed in [172–174]. This conclusion is supported by
the studies of Takada et al. [170] who reported that if the lamina splendens is disrupted,
materials can gain entrance or exit from the cartilage, and it predisposes the development
of OA. In rats, it appears that the lamina splendens arises during early post-natal life [170];
but whether it arises with a similar timeframe in humans could not be found. However,
it has been found in other species discussed in [172]. Furthermore, what the stimulus
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is for the development of a lamina splendens is also not known, but it could relate to
the biomechanical environment and the presence of unique growth and differentiation
regulators in early post-natal life. However, the importance of the lamina splendens has
led to some research effort to synthesize an artificial structure which could serve some of
the functions of the lamina splendens [175]. This is an area for future research, given the
lubrication and barrier function of the lamina splendens.

Additionally, regarding the presence of endogenous growth regulators, in the human
TEC studies [137,156], the patients ranged in age from 28 to 46 years old and were therefore
somewhat young. Preliminary preclinical studies in the porcine model demonstrate that the
TEC approach is equally effective in skeletally immature and mature pigs [83], but studies
were not performed with older pigs. Thus, it remains to be determined whether there is any
age-dependent decline in the effectiveness of the TEC approach that may be attributed to an
age-related decline in growth regulators in the tissues, or even after menopause in female
patients. If such a decline is observed, it may be overcome with the use of autologous
PRP [85,86], as long as the platelets in older individuals have not also been compromised.

With the preferred use of autologous MSC by both patients and some regulatory
agencies, the use of MSC from young versus older/elderly patients is also a consideration
as MSC numbers and function in some available depots also decline with age [176] and
there is the potential for perhaps epigenetic alterations due to life experiences or exposure to
chemicals that could potentially contribute to the compromised function [177]. To overcome
this potential limitation of autologous MSC, some parents are having their children’s
cord blood MSC frozen in case they are needed, or the use of standardized allogeneic
MSC from a source, such as an expanded cord blood MSC, has been proposed [178,179].
Thus, optimization of conditions to achieve the best success may require both the most
appropriate MSC and the best in vivo conditions that can be obtained.

8. The Way Forward

While progress has been made toward using cell therapies to improve healing out-
comes, there is still a need for further improvements. As discussed above, the attention
has been focused on the implantation of cells, such as MSC, rather than trying to optimize
the in vivo implantation environment. Likely, the way forward will require addressing
more attention towards optimizing both what is implanted and the environment that it is
implanted into. Clearly, attention to such variables will be complex and it is very likely that
“one size does not fit all”.

The adverse effect of inflammatory processes on the repair and regeneration potential
of cellular therapies is of central concern, and such processes will have to be controlled if
expectations of further success regarding cellular therapies are to be achieved. While the
successes achieved thus far have provided support for further investment and research,
some of the diseases or conditions that could benefit from cellular therapies will likely be
more complex and challenging.

Using articular cartilage repair/regeneration as an important example due to the
current successes and the need as cartilage-related conditions, such as osteoarthritis, affects
tens of millions around the world, and with alternatives to cell therapies (i.e., drugs,
exercise, injury prevention) of limited impact thus far. Osteoarthritis is both a disease of
mechanics [180] and inflammation [181], and of the whole joint and not just the articular
cartilage [182,183]. The term osteoarthritis is actually an umbrella term that encompasses
several subtypes of OA including post-traumatic OA, metabolic OA associated with obesity
reviewed in [20,42,181,184], post-menopausal onset OA discussed in [42], with idiopathic
OA a large subpopulation of patients for which a link to a cause has not been clearly defined.
Thus, OA, which can develop if a cartilage defect is not repaired, is heterogeneous and
complex, and one cell therapy solution likely will not apply to all subtypes of the disease.

While the transition from repairing fresh cartilage defects using cell therapies may
identify the need to develop several different lines of approach, there are likely some
principles that the approaches should share. The first is that, unless the biomechanical
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environment is restored or the biomechanical compromise addressed, any cell therapy
may not achieve long-term restoration of function. Second, as most OA patients are older
and many will have co-morbidities, any cell therapy intervention will likely require a
co-intervention to augment the need for an anabolic supplementation, such as PRP or EV.
Thirdly, and relevant to point two, there will be a need to control inflammation, often in
the context of diabetes, which can contribute to an altered inflammation [60]. In addition,
rather than an acute inflammation as perhaps with a cartilage defect, those with OA may
have converted to a chronic form which may require different strategies. Fourthly, the cell
therapy cannot be considered the intervention of last resort when most of the articular
cartilage is degraded, and the disease is considered end-stage. At this point there is little
cartilage template remaining for a cellular therapy to enlist in the repair/regeneration
effort. As the MSC in a TEC may not only contribute to the repair of the tissue damage by
replacement, the undifferentiated MSC in the TEC can also release EV that could travel to
remaining chondrocytes in the residual cartilage to contribute to the repair effort. Thus,
repair via cell therapy interventions should likely be initiated early in the disease process
rather than later.

While the above discussion has focused on repair of articular cartilage, some of the
principles discussed can also be applied to the healing of other connective tissues of the MSK
system, including menisci, intravertebral discs (IVD), as well as ligaments and tendons.
In the case of tendons, tendons in different locations exhibit different properties [185],
tendon properties can change with aging [74,186,187] and some tendons, such as the
supraspinatus, can undergo age-related degeneration without overt symptoms [188–190].
Thus, cell therapy treatment could be envisioned to address tendinopathies rather than
overt ruptures. Similar issues can likely also be applied to other tissues, such as menisci
and IVD.

Another separate set of variables that could affect the efficacy of cellular therapies is
genetics and epigenetics. Genetics and epigenetics could affect the MSCs, with age-related
epigenetic changes potentially affecting the functionality of the MSC later in life when they
are needed for cell therapies [191–193]. Genetics and epigenetics could also affect the target
tissues of the cellular therapies. For example, some individuals with Marfan’s Syndrome
or the spectrum of Ehlers–Danlos Syndrome [194] may appear to have mutations in some
of their ECM proteins that impair function and increase risk for injury or tissue failure
reviewed in [193,195–197]. Thus, the outcome of the cellular therapy may not be optimal
when using autologous cells and allogeneic cells may be preferred [198] or correcting
the MSC via in vitro alterations [195]. While the examples presented are rare, there may
also less overt variation in connective tissue molecules that predispose to injury or poor
healing that do not present with symptoms, and these could also influence outcomes of
cell therapies.

As the use of cellular therapies including the use of MSC continues to expand into
more complex disease scenarios, it is clear that the use of multiple modalities in addition
to the MSC will be needed. Some of the variables may be more readily assessed, but as
continued improvement in genetic analysis and characterization of the epigenome become
more common place, an element of precision medicine will be applied to the use of complex
cellular therapies for MSK connective tissue repair and regeneration.

9. Conclusions

Attempts to enhance the repair and regeneration of injured connective tissues of the
musculoskeletal system using cell therapies has been the subject of intense research over
the past 30+ years. With the discovery of cells with the ability to differentiate into several
relevant lineages (e.g., chondrocytes, bone cells, and others) reviewed in [122], this effort
intensified. Using cells labeled mesenchymal stem cells (MSC), expectations ran high, but
achieving success was more challenging.

Early after the discovery of adult “stem or progenitor” cells, there was considerable
anticipation that they would rapidly be used to repair a variety of tissues damaged by
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injury or disease, particularly during the aging process. This hope rapidly became hype,
and a number of what have been called rogue clinics and companies began selling stem
cell-based cell therapy approaches directly to patients or consumers for a number of
conditions [199–201]. Such rogue entities preyed on desperate patients, and many such
clinics in North America have been recently curtailed by the FDA and Health Canada in the
USA and Canada, respectively. Such rogue applications of stem cell therapies emphasize the
need to continue to develop methods and interventions to use these cells more effectively
and with a solid base of scientific and clinical justification. This will require building on
past successes and failures to evaluate new directions and approaches.

Learning from these past scientifically and ethically approved research efforts, it
is emerging that many of the relevant connective tissues that could benefit from stem
cell interventions have complex structures, are designed to work in complex mechanical
environments, and when injured this creates an inflammatory environment. Furthermore,
when injured or subjected to a disease process, the situation arises as an adult or an elderly
individual when the anabolic environment of youth (growth and maturation) is no longer
evident. Thus, attention to the environment that cells, such as MSC, are placed in, either
as individual cells or incorporated into constructs, needs to be addressed if the MSC are
to achieve more of their potential to impact the return of functionality in these connective
tissues. That is, control of an environment where a catabolic inflammatory process is
needed, supplementation of the environment with appropriate anabolic mediators is also
needed (either as molecules, PRP or extracellular vesicles), and for some circumstances
using cellular therapy early in a disease process while the remaining endogenous tissue
can serve a template function may additionally be critical. Finally, controlling the impact of
co-morbidities (i.e., diabetes) may also be required. Thus, improving the environment into
which the cells are placed may be critical for further success. Similarly, picking the right cells
for the job may also be critical as MSC from different sources can exhibit different properties
even though they can have a similar phenotype, as discussed in [123,124]. Thus, the right
cells in the right environment at the right time are needed are discussed in [202–204], and
there is likely a need for a more “precision medicine” approach as “one size does not fit
all” [202].

While some progress is being made in the applications of cellular therapy, including
MSC use in tissue engineered constructs as reviewed in [165,198], and many lessons have
been learned as outlined above, several questions related to the issue of tissue regeneration
still remain. The first relates to human heterogeneity and how such heterogeneity translates
to variation in connective tissue structure and function. A second relates to the question
of whether absolute regeneration is required to obtain optimal functioning in a specific
mechanical environment? That is, would 80 or 90% regeneration at a structural level
be sufficient for people in the 60–70 years old age range, but perhaps not acceptable for
someone 30–40 years of age and wanting to maintain a very active lifestyle? Some of these
philosophical questions may also need to be factored into the expectations of how success
is defined going forward.
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Abstract: Bone is a very complex tissue that is constantly changing throughout the lifespan. The
precise mechanism of bone regeneration remains poorly understood. Large bone defects can be
caused by gunshot injury, trauma, accidents, congenital anomalies and tissue resection due to cancer.
Therefore, understanding bone homeostasis and regeneration has considerable clinical and scientific
importance in the development of bone therapy. Macrophages are well known innate immune
cells secreting different combinations of cytokines and their role in bone regeneration during bone
healing is essential. Here, we present a method to identify mRNA transcripts in cryosections of
non-decalcified rat bone using in situ hybridization and hybridization chain reaction to explore gene
expression in situ for better understanding the gene expression of the bone tissues.

Keywords: cryofixation; bone; in situ hybridization; hybridization chain reaction (HCR); macrophage

1. Introduction

Vertebrate bone is a dynamically changing tissue that constantly adapts throughout
life. For successful bone healing, coordinated cross talk is needed between inflamma-
tory and bone-forming cells [1–5]. Nowadays, the exact mechanisms of bone regenera-
tion remains to be elucidated [6–9]. Bones and bone marrow contain different types of
macrophages: (i) erythroid island macrophages; (ii) hematopoietic stem cell macrophages;
and (iii) osteoclasts [10]. Macrophages play an important role both in osteoblast-mediated
bone formation [9] and in osteoclast development [10]. In addition, the newly-discovered
osteal macrophages, so called “osteomacs”, have a fundamental role during bone regenera-
tion [6,9,11,12]. The exact role of these cells is still under study. The cytokines and other
soluble factors secreted by macrophages can induce the bone formation in vitro [2,5,9,13].
Cytokines are the critical actors in coordinating an efficient repair of damaged bone tis-
sue [14]. Examination of cytokine expressions during bone regeneration is essential for
establishing new diagnostic and therapeutic approaches for bone tissue repair. Protein
expression analysis of bone cells mostly uses immunofluorescence technique methods
to detect proteins in situ [15]. In spite of immunolabeling being very convenient and
well reproducible, there are some disadvantages, such as non-specific labeling with cer-
tain antibodies [16,17]. Additional difficulty is that cytokines are usually secreted, so the
identification of cells producing this peptide or protein is problematic [16].
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In contrast, in situ hybridization (ISH) is one of the most suitable methods to investi-
gate localization of gene expression in situ and based on the detection of mRNA product
of genes involved in protein translation [16,18–21]. The basis of this technique is that
complementary RNA and DNA sequences form hybrids with one another by hydrogen
bonding. ISH is a very powerful technique; however, the probe design is complex, and the
different steps are fastidious, needing a high level of optimization. An additional problem
is that the conservation of the RNA as mRNA is very sensitive to degradation and RNase
enzymes can be found everywhere [20].

The digoxigenin technique (in situ-DIG) is the most commonly used non-radioactive
IHS method [22,23]. It is highly sensitive, but unfortunately only allows the analysis
of a single gene in a single sample. In the 1980s, the fluorescence in situ hybridization
(FISH) technique was published [24]. This method has the advantage of allowing the
simultaneous analysis of several genes in the same sample, but is only suitable for the
analysis of highly expressed genes [25]. Recently, a new method has been published in
which in situ hybridization is coupled with the detection by hybridization chain reaction
(in situ-HCR) [21,26–28]. One of the main advantages of this technique is its high sensitivity
that makes it suitable for testing low-expression genes. In addition, several genes can
be analyzed simultaneously. However, in situ-HCR is less efficient than the in situ-DIG
method [25].

We found that fixation in buffered formalin, decalcification in EDTA and embedding
in paraffin is a good compromise, as it provides not only a good morphology and excellent
conditions for immunohistochemistry but also allows DNA- and RNA-based molecular
studies [15,29,30] (Table 1).

Table 1. Comparison of the different approaches.

Resin (R)/Paraffin (P)-Section Cryo-Section

Section preparation Long method Short method

Toxic substances Long period Short period

Size of the section 5 μm 5 μm

Quality of morphology Good Medium

Application

Histological staining (R, P)
Immunolabeling (P)

In situ hybridization (P, medium
sensitivity)

Histological staining
Immunolabeling

In situ hybridization (strong
sensitivity)

Laser microdissection

Cryosectioning of hard tissue has been introduced several decades ago [31] and was
optimized by the tape technique described by Kawamoto et al. [32–34]. The main advantage
of this system is that there is no fixation and embedding before section preparation, so
it is much faster than the conventional method and more useful for in situ hybridization
(Table 1). As mRNA is very sensitive to degradation, the challenge resided in the ability to
cut cryofixed bone tissue and to preserve mRNA for analysis. To overcome these limitations,
cryosectioning of the bone of rat was combined with ISH on the entire femur together with
the muscle.

2. Materials and Methods

2.1. Rat Animal Model

All experiments were approved by the IRBA Institutional Animal Care and Use
Committee (protocol 65 DEF_IGSSA_SP). Interventions were carried out in an accredited
animal facility. 8-week-old (200 g average weight) male Sprague Dawley rats (Charles River
Laboratories, Freiburg, Germany) were housed individually in cages, in a temperature-
and light-controlled environment, with food and water ad libitum. Before collecting the
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femurs with muscles, animals were euthanized at 12 weeks old with an overdose of sodium
pentobarbital (150 mg/kg) administrated intraperitoneally.

2.2. Slides Coating

Slides were manually coated in two steps using coating and pretreatment solutions
(Leica Microsystems, Richmond, IL, USA). Slides were first pretreated with A solution
(5 mL of A buffer concentrate (39475270, Leica, Wetzlar, Germany), 1.25 mL of 0.1 M acetic
acid and 25 mL of acetone in 500 mL distilled water) (Figure 1A). After 30 min in dark, the
A solution was completed with acetone (q.s.p. 500 mL), filtered and stored until 6 months at
4 ◦C in a dark bottle. Slides were immersed 3 times in A solution and pulled out diagonally
to avoid streaks. Slides were kept overnight at RT or warmed at 90 ◦C for 5 min before the
coating process. A total of 15 μL of B solution (39475271, Leica) was coated on pretreated
slides to obtain a thin and homogenous coating (Figure 1B,C). The surface of the coating
was adapted to match with the cryosection surface (Figure 1D).

2.3. Embedding and Cryosectioning of Entire Femur of the Rat

RNase-free instruments, materials and buffers were used to collect bone samples.
After euthanasia of the rat, the whole femur was cleaned rapidly and a part of the muscles
around the bone was kept. The femur was placed at the bottom of the embedding mold and
covered with cryomount medium (CM) (00890-EX, HistoLab, Askim, Norvege). Samples
were snap-frozen with 2-methylbutan cooled in liquid nitrogen to obtain a block (Figure 1E).
When entirely frozen, the sample was transferred on dry ice to −80 ◦C, wrapped in foil
aluminum. Then, it was stored at −80 ◦C until further processing. A cryostat (Cryostat
FSE Shandon, Thermo Electron Corporation, San Diego, CA, USA) with a Leica CryoJane
(9194701, Leica) system was used for cryosectioning. The block was fixed with cryomount
medium (Figure S1A–D). Tools were precooled within the cryostat to avoid warming up
the sample during block trimming (Figure 1F). The surface of the adhesive film (39475214,
Leica) was adapted to the surface of the block (Figure 1G) and CryoJane tape transfer
system was applied (39475205, Leica) to obtain high-quality sections.

The following points are crucial to the success of the experiment:
Briefly: (i) Positioning the adhesive film on the surface of the block (Figure S1E).

(ii) Applying the roller while exerting a certain force to improve the adhesion of the film
(Figure S1F). (iii) Cutting the sample slowly and uninterruptedly (Figure S1G). Obtaining
5 μm tissue sections on the adhesive film (Figures 1H and S1H). (iv) Transferring the
section from the film to a standard histological slide, manually pretreated with Leica’s A
and B solutions (Figure S1I). (v) Fixation of the section on the coated side of the slide by
CryoJane UV flash system (Figure S1J–L). (vi) Removal of the adhesive film (Figure S1M)
and optimization the transfer of the cryo-section (Figure S2A–F). Four points are decisive
to ensure good quality of the cryosections: (1) The CM block is very important for a good
section (the tissue alone does not adhere well to the film). The film must be in contact with
the CM and with the tissue. (2) The entire surface of the adhesive film must be in contact
with the CM block. The film must not be wider than Sections 3 and 4. Very important is to
hold the bottom of the film with a pair of pliers when cutting—this avoids heating the film
which must remain cold and is safer (Figure 1M).

2.4. Histological Staining

Hematoxylin and phloxin (HP) staining was performed as followed: the sections
were incubated in several successive baths: 40 s in hemalum (11487, Merck, Darmstadt,
Germany) buffer (0.2 g hemalum, 5 g aluminum potassium sulfate in 100 mL distilled
water), 3 min in water, 30 s in phloxin (15926, Merck) buffer (0.5 g phloxin in 100 mL
distilled water), 1 min in water, 2 min in 70% ethanol, 30 s in 95% ethanol, 1 min in 100%
ethanol, 1 min in 100% ethanol. At the end, nuclei were colored in blue and cytoplasm in
pink (Figure 1I–K).
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Figure 1. Cryo-fixation and cryo-section steps. Slides were manually coated with (A) A and (B) B
buffer. (C) Thin B buffer layer on the slide surface. (D) Adjusted coating of the manually prepared
slide compared with the manufactured one. (E) Entire cryo-embedded and trimmed femur of rat.
(F) Cryo-bar to precool slides, adhesive film and tweezers. (G) Several surface size of adhesive film.
(H) Thin (5 μm) cryo-section of femur deposed on a pre-coated slide. (I,J) Histological coloration of
femur stained with Hemalin–phloxine–saffron. (K) Expanded view: high magnification image of
the area within the red rectangle in image (J). (L) Von Kossa staining of the mouse and rat bone. (M)
Upper panel: technical practices to avoid; down panel: to improve the result in comparison with the
appropriate practices.

Von Kossa staining was performed as followed: Sections were rinsed with distilled
water and incubated for 30 min in the dark with silver nitrate solution (1 g silver nitrate
in 100 mL distilled water) at room temperature. After washes with distilled water, the
sections were incubated under UV for one hour (sections should be covered with distilled
water). Finally, the short passage in 95% and 100% ethanol, followed by xylene, were
carried out. For the good conservation of the cryo-section, Eukitt mounting solution was
used (Figure 1L).
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2.5. Immunofluorescence

Sections of rat femur were fixed in paraformaldehyde (PFA (P6148, Sigma, Lezennes,
France); 4% (w/v) in PBS (Phosphate-Buffered Salin without Ca and Mg, GAUPBS0001,
Eurobio, Les Ulis, France)). After three washes in PBS, the sections were permeabilized for
15 min with PBS containing 0.5% Triton X100 (v/v). The non-specific binding sites were
blocked with Emerald Antibody Diluent (Sigma 936B-08) for 1 h. The sections were incu-
bated overnight at 4 ◦C with the primary rabbit anti-CD68 (ab125212, Abcam, Amsterdam,
The Netherlands) antibody at 1:1000 dilutions. Then they were washed in PBS and incu-
bated with the secondary anti-rabbit Alexa Fluor 488 (A-21206, Thermo Scientific, Villebon
sur Yvette, France) antibody at 1:500 dilution for 2 h at room temperature. Finally, sections
were washed in PBS for 20 min and mounted using a Fluoroshield mounting medium with
DAPI (Abcam, ab104139). Fluorescence was detected using an epifluorescence microscope
DM6000 (Leica, Germany) equipped with monochrome and color digital cameras.

2.6. In Situ-DIG Hybridization

For in situ-DIG hybridization, a couple of primers were chosen to get an approximately
1000 bp (β-actin (944 bp, CD68 1059 bp) PCR amplicon (Table S1A). β-actin and CD68
DNA primers were designed using ApE software (Table S1B). Two other primers, including
62 bp of the PCR product, were designed to recognize the T3 and T7 promoter sequences to
perform the in vitro transcription (Figure 2). DNA oligos were synthesized by Eurogentec
and were dissolved in ddH2O and stored at −20 ◦C.

Figure 2. Schematic representation of the PCR product (together with primer localization and
orientation) used for in vitro transcription.

2.6.1. cRNA Probes for In Situ-DIG Hybridization

Frozen femur samples were homogenized in liquid nitrogen. RNA was isolated using
RNeasy Fibrous Tissue mini kit (HB-0485, Qiagen, Courtaboeuf, France) according to
the manufacturer’s recommendations. RNA extracts were eluted with 20 μL RNase-free
water. Reverse transcription (RT) was performed with oligo(dT) primers following the
instructions of the Sensiscript transcription kit (205211, Qiagen). Reactions were carried out
using 50 ng of RNA with 10 μM oligo(dT) primers, RNase inhibitor (2 IU) and Sensiscript
reverse transcriptase. cDNA was synthesized at 37 ◦C during 60 min. This cDNA library
was used for the amplification of the β-actin templates for in vitro transcription. These
templates contained the T3 and T7 promoters. The cRNA labeling was generated by in vitro
transcription with T3 and T7 RNA polymerases, both in antisense and sense direction.
Sense probes were used as controls. The PCR fragments were purified by agarose gel
electrophoresis and specific bands were isolated using PCR Clean-Up kit (740,609.10,
Macherey-Nagel, Hoerdt, France).

Next, RNA was labeled using an in vitro transcription Kit (P1450, Promega, Char-
bonnières les Bains, France) according to manufacturer’s recommendations. RNA was
labeled with digoxigenin, by addition of a modified nucleotide, DIG-11-UTP. Transcription
was carried out in buffer containing dNTPs, DIG-11-UTP, RNase inhibitor and RNA poly-
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merase at 37 ◦C for 1 h. DNAse was then added and the mix further incubated for 30 min
at 37 ◦C to degrade DNA.

A total of 10 μL (10 mg mL−1) transfer RNAs (1010945001, Roche, Boulogne-Billancourt,
France) were added to the mix and the probes were precipitated with 10 M ammonium
acetate (A1542, Sigma) and 100% cold ethanol overnight at −20 ◦C. After centrifugation at
15,000× g at 4 ◦C for 30 min, the pellet was rinsed with 70% cold ethanol. To improve probe
penetration for probes longer than 500 nucleotides, hydrolysis of the probe is needed. For
hydrolysis, the probe was suspended in 50 μL carbonate buffer (120 mM Na2CO3, 80 mM
NaHCO3, pH 10.2) and incubated at 60 ◦C for 55 min. The reaction was stopped with a
buffer containing 10 μL of 10% acetic acid, 12 μL 3 M sodium acetate (pH 4.8) and 312 μL
100% cold ethanol and incubated at −20 ◦C for at least 30 min. After centrifugation, the
pellet was washed with 70% cold ethanol and suspended in 50% RNase-free formamide.

The effectiveness of labeling was analyzed by dot-blots. cRNA were dot-blotted on a
nitrocellulose membrane (88018, Thermo Fisher Sci., Illkirch, France), and detected with
an anti-digoxigenin (11093274910, Roche) DIG-specific antibody. From each serial dilution
of the probes, 1 μL was spotted on a nitrocellulose membrane, dried and UV-crosslinked
for 1 min. To prevent nonspecific antibody binding, the membrane was blocked with
1% bovine serum albumin (BSA; GAUBSA01, Eurobio, Les Ulis, France) in 100 mM Tris
pH 7.5 and 150 mM NaCl (Tris-NaCl) buffer for 15 min. Afterwards the membrane was
incubated for 30 min with anti-DIG antibody at 1:2000 dilutions in BSA/Tris-NaCl and
then washed three times for 5 min in BSA/Tris-NaCl and once with Tris-NaCl. Finally,
the membrane was stained with an NBT kit (NBT/BCIP; S3771, Roche) according to the
manufacturer’s recommendations.

2.6.2. Fixation and Pretreatment of Sections for In Situ-DIG Hybridization

All the following steps were performed under a laminar flow cabinet and under
RNase-free conditions. The tissues were fixed in 4% (w/v) in PBS/paraformaldehyde (PBS,
w/o Ca and Mg, GAUPBS0001, Eurobio; PFA, P6148, Sigma) for 30 min, and then treated
with 100% methanol for 15 min and air-dried. Sections were incubated in 0.125 mg mL−1

Proteinase K (P2308, Sigma) in 200 mL 100 mM Tris pH 7.5 and 50 mM EDTA buffer for
10 min at 37 ◦C to degrade the proteins and to improve the probes’ access to the target
mRNA. Proteinase K reaction was stopped with 0.2% glycine (G7126, Sigma) in 1X PBS.
Then sections were treated with 0.5% acetic anhydride (A6404, Sigma) in triethanolamine
solution (0.1 M pH 8) to avoid non-specific hybridization. The sections were then washed
twice for 2 min with PBS and dehydrated with successive baths of saline solution and
ethanol: 30 s in 30% ethanol, 0.85% NaCl buffer; 30 s in 50% ethanol, 0.85% NaCl buffer;
30 s in 75% ethanol, 0.85% NaCl buffer; 30 s in 85% ethanol, 0.42% NaCl buffer; 30 s in 96%
ethanol; 30 s in 96% ethanol; 1 min in 100% ethanol. Slides were then stored at −20 ◦C.

2.6.3. Prehybridization and Hybridization for In Situ-DIG

The sections were pre-hybridized for 2 h at 45 ◦C in a pre-hybridization buffer (50%
formamide (GHYFOR0402, Eurobio), 0.5× sodium chloride citrate (SSC) (GHYSSC007,
Eurobio) buffer, 50 μg mL−1 heparin (H3393, Sigma), 100 μg mL−1 transfer RNA and
0.1% (v/v) Tween 20 (822184, Merck). Finally, the sections were incubated overnight at
45 ◦C with the RNA probes (2 μL probe in 200 μL hybridization buffer (50% formamide,
100 μg mL−1 transfer RNA, 7.5% (v/v) Tween 20, 8.5% NaCl, 20% dextran sulfate (Eurobio
GHYDEX000T) and 2.5× Denhardt’s Solution (50× stock, D2532, Sigma)), which were
previously denaturized for 2 min at 80 ◦C in the hybridization buffer.

Non-specific hybrids were dissociated with following washes: 30 min in 0.1× SSC + 0.5%
SDS at 45 ◦C, 2 h in 2× SSC + 50% formamide at 45 ◦C, 5 min in NTE (0.5 M NaCl, 10 mM
Tris pH 8, 1 mM EDTA) at 45 ◦C, 30 min in NTE + 10 mg ml-1 Rnase A (10109169001, Roche)
at 37 ◦C, 1 h in 2× SSC + 50% formamide at 45 ◦C, 2 min in 0.1× SSC at 45 ◦C and finally
15 min in PBS at RT.
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2.6.4. Detection for In Situ-DIG

Immunodetection of the DIG-labeled probes was performed using an anti-DIG an-
tibody coupled to alkaline phosphatase, as described by the manufacturer (11093274910,
Roche). For the immunological detection step, the sections were incubated in a first buffer
(0.5% Blocking reagent (1110961176001, Roche) in 100 mM Tris pH 7.5 and 150 mM NaCl) for
1 h and in a second one (1% BSA in 0.5% (v/v) Triton X100, 100 mM Tris pH 7.5 and 150 mM
NaCl) for 1 h to block unspecific sites. Sections were incubated with anti-digoxygenin
antibody 1:1250 for 1 h, and then washed three times for 20 min with 1% BSA in 0.5% (v/v)
Triton X100, 100 mM Tris pH 7.5 and 150 mM NaCl solution and next incubated for 15 min
in the same solution without BSA. Finally, this solution was replaced with the last buffer
(100 mM Tris pH 9.5, 100 mM NaCl and 50 mM MgCl2) for 15 min.

Staining was initiated at alkali pH. The sections were incubated for 1–2 days in a
buffer containing 337 μL BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and 225 μL NBT
(Nitroblue tetrazolium chloride) in 50 mL solution (100 mM Tris pH 9.5, 100 mM NaCl
and 50 mM MgCl2) until a blue precipitate adhering to the sections was formed. The
reaction was stopped by adding a stop solution (10 mM Tris pH 7.5 and 5 mM EDTA)
for 10 min. The DIG sections were observed with an epifluorescence microscope DM6000
(Leica, Germany) equipped with monochrome and color digital cameras while the HCR
sections were observed with a confocal microscope (LSM700, Zeiss, Dresden, Germany).

2.7. In Situ-HCR Hybridization

The HCR protocol of Choi and colleagues (2014, 2016) was performed with some
modifications as described below to enhance mRNA localization in the femur of the
rat [21,26].

2.7.1. β-Actin Probe Design for In Situ-HCR Hybridization

The probes were designed using ApE software. For each gene, five probes were
designed. The entire gene sequence was used to localize the introns, and probes were de-
signed exactly at the boundaries between two exons. This approach increased the capacity
of probes to hybridize with the mRNA and not with the genomic DNA. A specific addi-
tional sequence was included to interact with the hairpin coupled with the fluorophore [21].
DNA oligos were synthesized by Eurogentec. Details of probe sequences are described in
Table S1B. All oligos were dissolved in ddH2O and stored at −20 ◦C.

2.7.2. Fixation and Pretreatment of Sections for In Situ-HCR Hybridization

This process was common for both DIG and HCR in situ hybridization methods.

2.7.3. Prehybridization and Hybridization for In Situ-HCR

The sections were pre-hybridized for 10 min at RT in a hybridization buffer (50%
formamide, 5× SSC, 9 mM citric acid pH 6, 50 μg mL−1 heparin, 1× Denhardt’s Solution,
0.1% (v/v) Tween 20 and 10% dextran-sulfate). Previously, the hybridization probes (2 pmol
per slide) were denatured for 2 min at 80 ◦C. Finally, the sections were incubated in a
hybridization buffer together with probes overnight at 45 ◦C. Nonspecific hybrids were
dissociated with the following washes: 30 min in 0.1× SSC + 0.5% SDS at 45 ◦C, followed
by 2 h in 2× SSC + 50% formamide at 45 ◦C, and then 2 min in 0.1× SSC at 45 ◦C and
finally 15 min in PBS at RT.

2.7.4. Detection for In Situ-HCR

Sections were first incubated for 2 h at RT with an amplification buffer (5× SSC,
0.1% (v/v) Tween 20, 10% dextran-sulfate and 100 μg mL−1 salmon sperm ADN) and
subsequently for 12 to 16 h with the DNA hairpins marked with a fluorophore (Alexa
Fluor488) (diluted in amplification buffer, as described previously). The hairpins were
previously heated at 95 ◦C for 90 s and cooled to RT for 30 min. The sections were then
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washed 2× 30 min in 5× SSCT (5× SSC and 1% (v/v) Tween 20) and 5 min with 5× SSC
without Tween at RT.

2.8. Microspectrofluorimetry

Emission fluorescence spectra was measured between 460 and 650 nm (5 nm band-
width) with a Leica TCS SP8 Confocal Microscope. Cyan fluorescence was excitated at 488
nm. Washes: 30 min in 0.1× SSC + 0.5% SDS at 45 ◦C, followed by 2 h in 2× SSC + 50%
formamide at 45 ◦C, and then 2 min in 0.1× SSC at 45 ◦C and finally 15 min in PBS at RT.

3. Results and Discussion

The particular mechanism of bone regeneration is under active examination. However,
preparing a histology section from bone is quite difficult due to the mineralization of this
tissue. Mineralized tissues should be decalcified from 1 to 2 weeks before embedding
and sectioning. Decalcification can alter the antigenicity of certain proteins and can cause
degradation of RNA molecules. Therefore, immunohistochemistry and ISH are less possible
on the sections [35–37]. The success of the ISH technique realization extremely depends on
the quick preparation of good-quality bone tissue sections. The aim of our work was to
develop a new approach for obtaining high-quality undecalcified bone sections applicable
to various ISH analyses.

Because ISH is based on mRNA analysis, it is essential to develop a procedure for
maintaining an RNase-free lab (RNase-free instruments and materials, wear gloves and
work quickly to avoid storing samples at RT) so as to conserve mRNAs of sufficient quality
and quantity for subsequent analyses. Rapid techniques without any prolonged aqueous
phase steps are crucial to prevent RNA degradation. Manual coating of slides greatly helped
to optimize sample attachment to the slide during in situ hybridization (Figure 1A–D), with
the area of coating to be adjusted to the sample area (Figure 1D).

First, the entire femur together with muscle was embedded in a cryo-embedding
medium, frozen and trimmed (Figure 1E). All tools were maintained cold into the cryo-
bar (Figure 1F). Several shapes of adhesive film were prepared to fix equivalent surfaces of
cryosections (Figure 1G). Thin (5 μm) cryosections were cut (Figures 1H and S1A–M), stained
first with HP (Figure 1I–K) and then with von Kossa medium (Figure 1L) to confirm the
capacity of the cryosection technique to retain morphological structures and mineralization of
the bone. To optimize the cryosectioning and transfer, four technical points were described
in detail (Figure 1M).

Subsequently, the bone sections were analyzed using a conventional immunofluores-
cence technique (with anti-CD68 antibody) to identify the macrophages (Figure 3). One
of the most widely used markers for the analysis of monocytes/macrophages is the Clus-
ter of Differentiation (CD) CD68 protein [38,39]. Although weakly expressed in other
mononuclear phagocyte cells, this glycoprotein is highly expressed in macrophages. Very
weak expression can be detected in other non-hematopoietic cells (mesenchymal stem cells,
fibroblast, endothelial and tumor cells) [40,41]. Monocytes/macrophages were detected
in the bone marrow (Figure 3A), and in the interface between periosteum and cortical
bone (Figure 3B). Osteoclast and macrophages have similar origins and both produce
CD68 protein [10,42,43]. We identified the presence of osteoclasts as multinucleated cell
expressing CD68 protein (Figure 3B). No expression was identified in the negative control
(Figure 3C,D).

Next, ISH with a digoxigenin-labeled probe (in situ-DIG) was performed. Specific
probes were designed and synthetized to target the mRNAs of β-actin in bone, a ubiquitous
protein with a strong expression in almost every cell [44–46], then a 944 bp complementary
RNA (cRNA) was generated (Figure 2, Table S1A). An mRNA probe was chosen because
the RNA–RNA interaction is more efficient than the RNA–DNA interaction [20].

The cellular localization of the β-actin was analyzed by the in situ-DIG method
(Figure 4). When the RNA probe used for hybridization was the same sense (not com-
plementary) as the mRNA (negative control), no labeling was observed (Figure 4A,C),

158



Biomedicines 2022, 10, 484

whereas the expression of β-actin was very intense in the bone marrow (Figure 4B) and in
the periosteum (Figure 4D).

Figure 3. Identification of macrophages and osteoclast in rat femurs. Immunolabeling with anti-CD68
antibody in sections of two representative zones of the sample. (A,C) Zone 1-cortical bone and
bone marrow; (B,D) Zone 2-periosteum and cortical bone. (A,B) Anti-CD68 (Alexa488, turquoise
fluorescence), labeling the macrophages and osteoclasts. (C,D) Negative control. Nuclear staining
with DAPI (blue fluorescence). Thin arrow: macrophages; arrowhead: osteoclast.

In situ hybridization coupled with hybridization chain reaction detection (in situ-HCR)
was chosen because this approach is more sensitive than fluorescence in situ hybridization
(FISH) [18,47,48] and allows identification of several genes at the same time [16,21,28,49].
Indeed, β-actin expression was analyzed in a rat bone animal model, using a DNA probe
linked to a fluorophore instead of an enzyme. In the absence of a probe (negative control),
no labeling was observed (Figure 4E,G), whereas a strong labeling was detected both in
bone marrow (Figure 4F) and in the periosteum (Figure 4H). DAPI was used as nuclear
counterstain.

To go further with our investigation, the identification of macrophages we used both
the in situ-DIG and HCR techniques. Macrophages were identified based on the expression
of CD68 mRNA (Figure 5). CD68 mRNA expression was strong in the bone marrow
(Figure 5A,C) and in the interface between the periosteum and cortical bone (Figure 5B,D)
with both in situ techniques.
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Figure 4. In situ hybridization analysis of non-decalcified rat bone section. (A–H) β-actin expression in
sections of two representative zones of the sample. (A,B,E,F) Zone 1-cortical bone and bone marrow;
(C,D,G,H) Zone 2-muscle, periosteum and cortical bone. (A–D) In situ-DIG; (E–H) in situ-HCR.
(A,C,E,G) Negative control. (B,D,F,H) Expression of β-actin mRNA in non-decalcified rat bone.

Autofluorescence of bone tissue was previously described [50–52]. To confirm that the
detected fluorescence resulted from an in situ-HCR signal and did not derive from nonspe-
cific binding of an Alexa Fluor 488 molecule or from autofluorescence, hybridization was
evaluated by microspectrofluorimetry (Figure 6). The emission spectra of the fluorescence
peaked at 520 nm, corresponding to Alexa Fluor 488 fluorophore spectra.
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Figure 5. In situ hybridization analysis in non-decalcified rat bone section. (A–D) CD68 mRNA
expression in section of two representative zones of the sample. (A,C) Zone 1-cortical bone and bone
marrow. (B,D) Zone 2-muscle, periosteum and cortical bone. (A,B) In situ-DIG; (C,D) in situ-HCR.

Figure 6. Microspectroscopy analysis of non-decalcified rat bone section. In situ microspectroscopy
analysis of the Alexa Fluor 488 fluorescence.

ISH analysis is an important technique used in order to understand the molecular
mechanism of bone tissue regeneration. Our aim was to analyze the section of the entire
rat femur. Paraffin embedding was not appropriate in our case, because the muscle
slowed down the penetration of the decalcifying solution (EDTA) into the bone. Thus,
the decalcifying treatment was very long (around 5 weeks), which prevented the ISH on
these samples (data not shown). We developed an improved version of the CryoJane
tape transfer system to prepare cryosections of undecalcified rat femurs with good bone
tissue morphology and applicable for ISH analyses. We demonstrated that in situ-HCR is
a promising new technique for visualizing macrophages and studying the expression of
different genes in bone tissue.
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4. Conclusions

Bone healing is very complex process. For proper regeneration, dynamic interplay
between external and internal signals is essential. Cytokines of the macrophages and other
cellular factors act at diverse times, and have indispensable functions during repair. In
order to make progress in bone regeneration understanding, the development of new
tools is essential. These tools will provide opportunities to explore in situ the spatial
actors involved in inflammation and bone tissue regeneration. Indeed, the application of
distinct ISH approaches can bring new comprehension to bone gene expression and tissue
regeneration. Combination of cryofixation with ISH techniques is a relevant approach to
study the molecular and spatial biological mechanisms of bone regeneration and provides
advanced perspectives in the field of regenerative medicine to induce bone regeneration
for developing new treatments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10020484/s1. Figure S1: Workflow of cryo-sample
preparation. (A) Covering mandrel with cryomount solution. (B) Positioning the block on the
mandrel. (C) Hardening of the cryomount and fixation of the sample on the mandrel. (D) Trimming
of the sample. (E) Positioning of the adhesive film on the surface of the block. (F) Application of the
roller to improve the adhesion of the film. (G) Cutting the sample slowly and uninterruptedly by
holding the lower part of the adhesive film. (H) Obtaining of 5 μm tissue section on adhesive film.
(I) Positioning the adhesive film on the precoated slide. (J) Application of the roller to improve the
adhesion to the slide. (K) Positioning the slide in CryoJane flash unit. (L) Triggering two flashes at
30 s intervals. (M) Removing the film with cold tool. Figure S2: Workflow to optimize the transfer
of the cryo-section. (A) Block trimming to adjust to the sample surface. (B) Positioning the block
on the mandrel. (C) Estimation of the adhesive film surface. (D) Cutting of the adhesive film. (E)
Positioning of the adhesive film on the surface of the block. (F) Adhesion of the film on the surface of
the sample. Table S1: (A) The cDNA sequence of the β-actin used for in vitro transcription. The T3
and T7 promoter sequences labeled with red. (B) Oligos used for in situ hybridization experiments.
T3 (T3 promoter), T7 (T7 promoter), FW (forward primer), RV (reverse primer).
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Abstract: Biomaterial use is a promising approach to facilitate wound healing of the bone tissue.
Biomaterials induce the formation of membrane capsules and the recruitment of different types
of macrophages. Macrophages are immune cells that produce diverse combinations of cytokines
playing an important role in bone healing and regeneration, but the exact mechanism remains to be
studied. Our work aimed to identify in vivo macrophages in the Masquelet induced membrane in a
rat model. Most of the macrophages in the damaged area were M2-like, with smaller numbers of
M1-like macrophages. In addition, high expression of IL-1β and IL-6 cytokines were detected in the
membrane region by RT-qPCR. Using an innovative combination of two hybridization techniques (in
situ hybridization and in situ hybridization chain reaction (in situ HCR)), M2b-like macrophages were
identified for the first time in cryosections of non-decalcified bone. Our work has also demonstrated
that microspectroscopical analysis is essential for macrophage characterization, as it allows the
discrimination of fluorescence and autofluorescence. Finally, this work has revealed the limitations
of immunolabelling and the potential of in situ HCR to provide valuable information for in vivo
characterization of macrophages.

Keywords: macrophages; hybridization chain reaction (HCR); cryosection; bone; cytokines; Masquelet
induced membrane

1. Introduction

Macrophages have an essential role both in osteoblast-mediated bone formation [1]
and in osteoclast development [2,3], but the detailed function of these cells is not yet fully
understood. In addition, the cytokines and other soluble factors secreted by macrophages
can induce bone formation in vitro and in vivo [1,4–8].

For a long time, in vitro cultures were used to study the phenotypic characteriza-
tion of macrophages as a model to control the extracellular environment [9–11]. In vitro
macrophages can be classified into two families: (i) M1 macrophages and (ii) M2
macrophages. The M1 family expresses pro-inflammatory cytokines, such as tumor necro-
sis factor (TNF), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-12 (IL-12),
interleukin-15 (IL-15), interleukin-18 (IL-18), interleukin-23 (IL-23), and interleukin-28
(IL-28) mediating inflammation. The M2 family expresses anti-inflammatory cytokines,
such as interleukin-10 (IL-10), interleukin-1β receptor antagonist (IL-1RA), transforming
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growth factor-beta (TGF-β) and proangiogenic cytokines (vascular endothelial growth
factor (VEGF) that resolve inflammation and also modulate the extracellular matrix (ECM).
In vitro studies have shown that the M2 family characterization is more complex and
can be subdivided into four subtypes: M2a, M2b, M2c, and M2d [12–16]. Each subtype
expresses a distinctive panel of cytokines and plays a different role in tissue regeneration
(Figure 1) [17–23]. Surprisingly, M2b and M2d macrophages also express pro-inflammatory
cytokines including TNF, IL-1β, IL-6, or IL-12 [16,24]. This division is not perfect because
specific (nontypical) macrophages do not belong to either group but play an important
immunoregulatory role. An in vitro approach does not allow the study of other immune
cells and their respective secreted cytokines normally present at the site of the regeneration.
Indeed, the host response in vivo is more complex highlighting the difficulty to deduce
in vivo results from in vitro observations. The knowledge of macrophage phenotypes
under in vivo conditions is still poorly understood and further investigations are essential,
especially in our case, to study macrophage involvement during bone regeneration. Ac-
cordingly, in vivo macrophages are named M1-like and M2-like macrophages or resolving
macrophages (Figure 1) [23,25–30].

Figure 1. Macrophage polarization subtypes; different cytokine expressions and functions of the
macrophage populations in vitro and in vivo.

An additional category of macrophages called “Tissue-resident macrophages” is
thought to participate in bone repair. Contained in almost all tissues, they are called
‘osteomacs’ when localized in the bone [1,2,31,32].

Biomaterial-based therapy is a useful method to improve bone regeneration; how-
ever, its underlying repair mechanism is not yet elucidated [33–40]. About 30 years ago,
the French surgeon Alain-Charles Masquelet developed a new technique to repair bone
defects called the Masquelet induced membrane [41]. The surgeon places a fixator along
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the bone and completes its missing parts with a biomaterial, an inert polymer that has
been engineered for interacting with biological systems, usually polymethylmethacrylate
(PMMA). Later on, a membrane called the Masquelet induced membrane will be generated
all around the biomaterial as an immune reaction against a foreign body. It is essential for
further bone regeneration [41–43]. In the literature, biomaterials are described to induce
the appearance of the macrophages at the bone injury site [1,7,31,32,44–46].

One approach to characterize macrophages is the identification of their expressed
cytokines. Different techniques, such as Northern blot, qPCR, microarray, flow cytometry
analysis, and next-generation deep sequencing methods can be used. These methods only
provide a result from a mixture of different cell types. In addition, measuring the expression
level of the cytokines is not sufficient; the localization of the cytokine-expressing cells in
the tissue should also be determined [47].

To localize the cytokine-expressing cells in the tissue, different methods are available:
(i) expression of reporter constructs, but the limitation of this technique is the requirement of
a transgenic animal; (ii) classical immunostaining techniques using antibodies against mark-
ers to detect specific proteins of the macrophages. However, since cytokines are generally
secreted, it is difficult to determine exactly which cells produce this protein or peptide [48].
This technique can only distinguish between M1-like and M2-like macrophages. However,
it is not appropriate for identifying M2-like subtypes, as there is currently no cell surface
marker available to distinguish between the different subtypes; and (iii) in situ hybridiza-
tion is one of the most convincing methods to identify the cytokine-expressing cells because
it is based on messenger RNA (mRNA) detection of the targeted genes [47].

In the present study, the cryosections of non-decalcified rat femur surrounded by mus-
cle were investigated by immunostaining, in situ hybridization, and in situ HCR to identify
phenotypes of macrophages involved in bone regeneration. In these challenging condi-
tions, expression of CD68, CD163, IL-1β, IL-6 and β-actin genes was successfully detected
resulting for the first time in the identification and localization of M2b-like macrophages
in vivo in the bone of rats during bone regeneration.

2. Materials and Methods

2.1. Rat Animal Model

All experiments were approved by the IRBA Institutional Animal Care and Use
Committee (protocol 65 DEF_IGSSA_SP). Surgeries were carried out in an accredited animal
facility. Eight-week-old (200 g average weight) male Sprague Dawley rats (Charles River
Laboratories, Freiburg, Germany) were housed individually in cages in a temperature and
light-controlled environment with food and provided water ad libitum. Before collecting
femurs with muscles, animals were euthanized at 12 weeks old with an overdose of sodium
pentobarbital (150 mg/kg) administrated intraperitoneally.

2.2. Embedding and Cryosectioning of the Entire Femur (Bone and Muscle Together) of the Rat

Embedding and cryosectioning methods were performed as described in [49]. RNase-
free instruments, materials, and buffers were used to collect bone samples. After euthanasia
of the rat, the whole femur was cleaned rapidly, and a part of the muscles around the
bone was kept. The femur was placed at the bottom of the embedding mold and covered
with cryomount medium (CM) (00890-EX, HistoLab, Askim, Norway). Samples were
snap-frozen with 2-methyl butane cooled in liquid nitrogen to obtain a block.

2.3. Histological Staining

Histological staining was performed as described in [49]. Hematoxylin and phloxin
(HP) staining was performed as follows: the sections were incubated in several successive
baths: 40 s in a hemalum (11,487, Merck, Darmstadt, Germany) buffer (0.2 g hemalum, 5 g
aluminum potassium sulfate in 100 mL distilled water), 3 min in water, 30 s in a phloxin
(15,926, Merck, Darmstadt, Germany) buffer (0.5 g phloxin in 100 mL distilled water), 1 min
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in water, 2 min in 70% ethanol, 30 s in 95% ethanol, 1 min in 100% ethanol, and 1 min in
100% ethanol. In the end, nuclei were colored in blue and cytoplasm in pink.

2.4. Immunofluorescence

Sections of the rat femur were fixed in 4% (w/v) paraformaldehyde (PFA (P6148, Sigma,
Lezennes, France) in PBS (phosphate-buffered saline without Ca and Mg, GAUPBS0001,
Eurobio, Les Ulis, France). After three washes in PBS, the sections were permeabilized
for 15 min with 0.5% (v/v) Triton X100 buffered with PBS. The non-specific binding sites
were blocked with Emerald Antibody Diluent (936B-08, Sigma, Lezennes, France) for 1 h
at room temperature. Then, sections were incubated overnight at 4 ◦C with the primary
rabbit anti-CD68 (ab125212, Abcam, Amsterdam, The Netherlands) antibody at 1:1000 di
lution; the primary goat anti-CD206 (C20) (sc-34577, Santa Cruz Bio., Heidelberg, Germany)
antibody at 1:1000 dilution; the primary rabbit anti-CD163 (ab182422, Abcam, Amsterdam,
The Netherlands) antibody at 1:500 dilution; and the primary rabbit anti-Iba1 (ab178846,
Abcam, Amsterdam, The Netherlands) antibody at 1:200 dilution. Then, the sections were
washed in PBS and incubated with the secondary anti-rabbit Alexa Fluor 488 (A-21206,
Thermo Scientific, Waltham, MA, USA) antibody at 1:500 dilution and the secondary
anti-goat Alexa Fluor 568 (ab175704, Abcam, Amsterdam, The Netherlands) antibody
at 1:500 dilution for 2 h at room temperature. Finally, sections were washed in PBS for
20 min and mounted using a Fluoroshield mounting medium with DAPI (ab104139, Abcam,
Amsterdam, The Netherlands). The fluorescence was detected using an epifluorescence
microscope DM6000 (Leica, Schönwaldeglien, Germany) equipped with monochrome and
color digital cameras.

2.5. RT-qPCR

Frozen femur samples were homogenized in liquid nitrogen. Total RNA was then
isolated using an RNeasy Fibrous Tissue mini kit (HB-0485, Qiagen, Courtaboeuf, France)
according to the m anufacturer’s recommendations. RNA extracts were recovered with
20 μL RNase-free water. Reverse transcription (RT) was performed with oligo-dT primers
following the instructions of the Sensiscript transcription kit (205211, Qiagen, Courtaboeuf,
France); cDNA synthesis was carried out for 1 h at 37 ◦C using 50 ng of RNA with 10 μM
oligod(T) primers, RNase inhibitor (2 IU), and Sensiscript reverse transcriptase.

Real-time qPCR was carried out in a 20 μL final volume using LC480 SybrGreen I
Mastermix (Roche Applied Science, Mannheim, Germany) using 0.25 μL of cDNA. Oligos
designed for RT-qPCR experiments are listed in Table S1.

2.6. In Situ DIG Hybridization

In situ hybridization methods were performed as described in [49]. Oligos designed
for in situ hybridization experiments are listed in Table S2.

Digoxigenin (DIG)-labeled cRNA probes were used for in situ hybridization. Briefly,
the tissues were fixed in 4% (w/v) in PBS/paraformaldehyde (PBS, w/o Ca and Mg,
GAUPBS0001, Eurobio, Les Ulis, France; PFA, P6148, Sigma, Lezennes, France) for 30 min
and then treated with 100% methanol for 15 min and air-dried. The sections were pre-
hybridized for 2 h at 45 ◦C in a pre-hybridization buffer (50% formamide (GHYFOR0402,
Eurobio, Les Ulis, France), 0.5× sodium ch loride citrate (SSC) (GHYSSC007, Eurobio, Les
Ulis, France) buffer, 50 μg mL−1 heparin (H3393, Sigma, Lezennes, France), 100 μg mL−1

transfer RNA, and 0.1% (v/v) Tween 20 (822184, Merck, Darmstadt, Germany). Finally, the
sections were incubated overnight at 45 ◦C with the RNA probes (2 μL probe in 200 μL hy-
bridization buffer (50% formamide, 100 μg mL−1 transfer RNA, 7.5% (v/v) Tween 20, 8.5%
NaCl, 20% dextran sulfate (GHYDEX000T, Eurobio, Les Ulis, France), and 2.5× Denhardt’s
Solution (50× stock, D2532, Sigma, Lezennes, France)), which were previously denaturized
for 2 min at 80 ◦C in the hybridization buffer. Non-specific hybrids were dissociated with
the following washes: 30 min in 0.1× SSC + 0.5% SDS at 45 ◦C, 2 h in 2× SSC + 50%
formamide at 45 ◦C, 5 min in NTE (0.5 M NaCl, 10 mM Tris pH 8, 1 mM EDTA) at 45 ◦C,
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30 min in NTE + 10 mg mL−1 Rnase A (10109169001, Roche, Boulogne-Billancourt, France)
at 37 ◦C, 1 h in 2× SSC + 50% formamide at 45 ◦C, 2 min in 0.1× SSC at 45 ◦C, and finally
15 min in PBS at RT.

Immunodetection of the DIG-labeled probes was performed using an anti-DIG an-
tibody coupled to alkaline phosphatase as described by the manufacturer (11093274910,
Roche, Boulogne-Billancourt, France). Afterward, the sections were incubated for 1–2 days
in a buffer containing 337 μL BCIP (5-Bromo-4-chloro-3-indolyl-phosphate) and 225 μL NBT
(Nitroblue tetrazolium chloride) in a 50 mL solution (100 mM Tris pH 9.5, 100 mM NaCl and
50 mM MgCl2) until a blue precipitate adhering to the sections were formed. The DIG sec-
tions were observed with an epifluorescence microscope DM6000 (Leica, Schönwaldeglien,
Germany) equipped with monochrome and color digital cameras, while the HCR sections
were observed with a confocal microscope (LSM700, Zeiss, Dresden, Germany).

2.7. In Situ HCR Hybridization

In situ hybridization methods were performed as described in [49]. Oligos designed
for in situ hybridization experiments are listed in Table S2.

The HCR protocol of Choi and colleagues (2014, 2016, 2018, 2020) was performed with
some modifications as described below to enhance mRNA localization in the femur of the
rat [50–53].

The sections were pre-hybridized for 10 min at RT in a hybridization buffer (50%
formamide, 5× SSC, 9 mM citric acid pH 6, 50 μg mL−1 heparin, 1× Denhardt’s Solution,
0.1% (v/v) Tween 20 and 10% dextran-sulfate). Previously, the hybridization probes (2 pmol
per slide) were denatured for 2 min at 80 ◦C. Finally, the sections were incubated in a
hybridization buffer together with probes overnight at 45 ◦C. Nonspecific hybrids were
dissociated with the following washes: 30 min in 0.1× SSC + 0.5% SDS at 45 ◦C, followed
by 2 h in 2× SSC + 50% formamide at 45 ◦C, then 2 min in 0.1× SSC at 45 ◦C, and finally
15 min in PBS at RT.

Sections were first incubated for 2 h at RT with an amplification buffer (5× SSC,
0.1% (v/v) Tween 20, 10% dextran-sulfate, and 100 μg mL−1 salmon sperm ADN) and
subsequently for 12 to 16 h with the DNA hairpins marked with a fluorophore (Alexa
Fluor488) (diluted in amplification buffer as previously described). The hairpins were
previously heated at 95 ◦C for 90 s and cooled to RT for 30 min. The sections were then
washed 2× 30 min in 5× SSCT (5× SSC and 1% (v/v) Tween 20) and 5 min with 5× SSC
without Tween at RT.

2.8. Microspectroscopical Analysis

For spectroscopic analysis, an LSM 780 (Carl Zeiss, Jena, Germany) confocal micro-
scope was used to acquire a lambda stack of 10 nm wavebands between 425 nm and 625 nm.
Then, Zen Black software (Carl Zeiss, Jena, Germany) built-in plugin was used to perform
linear unmixing using the automatic component extraction algorithm. It was possible to
extract Alexa 488 spectrum, and the second spectrum was considered the sum of all other
sources of endogenous fluorescence (autofluorescence).

2.9. Quantification of HIS by ImageJ

To quantify the percentage of the marked region on in situ hybridization slides, each
slide was acquired with the Hamamatsu Nanozoomer S60 at 20x (Tokyo, Japan). On the
virtual slide, three regions of interest (ROI) were drawn in the immediate neighborhood of
the biomaterial; three others were done away from it (internal negative control). Each zone
was analyzed using the Fiji software. The ratio between the surface of the marked region
and the surface of the entire ROI was computed after color deconvolution and thresholding
(using the MaxEntropy algorithm).

Statistical analyses were performed with a t-test.
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3. Results

3.1. Detection of Immune Cell Accumulation around Biomaterial

It was shown that biomaterial triggered the recruitment of macrophages at the site
of the bone wound and enhanced wound healing [1,7,32,54]. Rat femur was operated on
with biomaterial (with the Masquelet induced membrane technique), and three weeks later
the whole bone together with femur and biomaterial was harvested. The non-operated
femur from the second leg of this rat was used as a control (called non-operated femur).
The Masquelet induced membrane technique consists of two different operative phases. In
the first operation, a fixator was placed around the bone, and the missing bone fragments
were filled with biomaterial. Three weeks after surgery, a Masquelet induced membrane
was formed around the biomaterial. Three weeks later, during the second operation, the
biomaterial was removed, but the Masquelet induced membrane remained, and the bio-
material was replaced with a bone graft. To examine the architecture and the regeneration
region of the bone, cryosections of femurs were analyzed by Hematoxylin and phloxin (HP)
histological coloration (Figure 2). The control femur was used as a reference to observe
bone and muscle in their native structure (Figure 2A). In the operated femur, the Masquelet
induced membrane, the regenerated region close to the Masquelet induced membrane,
and the biomaterial were observed (Figure 2B). Some immune cells were identified by
their structure at higher microscope magnification in the regeneration region (Figure 2C),
hypothesized as macrophages.

Figure 2. Histologic and microscopic analysis of rat femur: (A–C) histologic analysis of the fe-
murs; histopathological image of (A) non-operated; and (B) operated femurs of rats stained with
hematoxylin and phloxin; (C) expanded view: high magnification image of the area within the
red rectangle in image (B); (D,E) identification of macrophages M1 and M2 in the operated femur;
anti-CD68 (Alexa488, turquoise fluorescence), labeling the M1 and M2 macrophages; anti-CD206
(Alexa568, red fluorescence) labeling the M2 macrophages and satellite cells; nuclear staining with
DAPI (blue fluorescence).

In situ visualization of macrophages is quite problematic. The cluster of differenti-
ation (CD) CD68 protein is one of the most common monocytes/macrophages marker
proteins [55], but in other mononuclear phagocyte cells and non-hematopoietic cells (mes-
enchymal stem cells, fibroblast, endothelial, and tumor cells) weak expression can be
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detected [56]. Other markers such as CD206 and CD163 mostly recognize M2 macrophages,
but CD206 protein is also expressed in satellite and CD163 protein in dendritic cells [56,57].
In situ identification of human and mouse M2 macrophages can be performed by double
immunolabeling with CD206 or CD163 together with CD68 antibodies (Table 1) [47,58].

Table 1. Cell phenotypes.

CD68 CD206 CD163 Iba1

M1-like macrophages + − − +

M2-like macrophages + + + +

Satellite cells − + − −

The same region was examined by the traditional immunostaining method (with
anti-CD68 and anti-CD206 antibodies) to detect if M1-like or M2-like macrophages were
localized in the regeneration region (Table 1). We observed M1-like macrophages expressing
CD68 protein only and M2-like macrophages expressing both CD68 and CD206 proteins
(Figure 2D). In the absence of a primary antibody (negative control), no expression of these
markers was detected (Figure 2E).

To go further in our investigation, immunostaining was performed on both the non-
operated femur and the operated femur (Figure 3) in large sections (2 mm × 1.2 mm). Using
bright field microscopy, the non-operated femur showed a representative architecture of the
bone (Figure 3A) and an absence of fluorescence signal (Figure 3B). In the operated femur,
the three expected regions (the regeneration region, the Masquelet induced membrane,
and surrounding muscle) were observed (Figure 3C). Using CD68 and CD206 immunos-
taining, both M1-like and M2-like macrophages were detected (Figure 3D). However, the
M1-like and M2-like macrophage repartition differed among the three zones (Figure 3E–G).
A similar amount of M1-like and M2-like macrophages were observed in the regenerat-
ing region (Figure 3E) compared to the interface (between the regeneration region and
Masquelet induced membrane) region, where mostly M1-like macrophages (Figure 3F) and
a predominantly M2-like macrophage population were detected (Figure 3G).

Another widely accepted macrophage marker is the ionized calcium-binding adaptor
molecule 1 (Iba1) (Table 1) [59–61]. Labeling with the anti-Iba1 antibody together with the
anti-CD206 antibody showed very similar results (Figure S1). The only difference that has
been detected is that fewer M1-like macrophages have been detected by Iba1 labeling in
the interface region than with CD68 labeling. This result suggests that single CD68 positive
cells include other cells than macrophages that have not yet been identified.

In summary, both M1-like and M2-like macrophages were identified in the injured
region of the operated femur. After quantification of 1000 cells, 16.55% (CD68/CD206)
and 17.5% (Iba1/CD206) were identified as M2-like macrophages compared to 6.17%
(CD68/CD206) and 4.1% (Iba1/CD206) of M1-like macrophages (Table 2). To confirm this
result, immunostaining with an anti-CD163 antibody was performed because this protein
is also expressed by M2-like macrophages [16]. Next, the CD163 and CD206 co-labeling
was performed to identify the M2-like macrophages and satellite cells in the same pictures
(Figure S2). In this condition, 21.6% of M2-like macrophages were identified (Figure 4A and
Table 1), while no expression of the protein was detected in the negative control (Figure 4B).

Table 2. Quantification of M1-like and M2-like macrophages in the regeneration region of the operated
femur (quantitative analysis, based on random examination of 1000 cells in each of the conditions).

M1-like Macrophages M2-like Macrophages

CD68/CD206 6.2% 16.6%

Iba1/CD206 4.1% 17.5%

CD163 / 21.6%
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Figure 3. Identification of M1-like and M2-like macrophages in the rat femurs: (A,B) immuno-
labeling with anti-CD68 and CD206 antibodies of the non-operated; and (C–G) operated femurs;
bright-field image together with immunolabeling of the non-operated (A) and operated (C) femurs;
(E–G) expanded view: high magnification image of the area within the red rectangle in image C;
anti-CD68 (Alexa488, turquoise fluorescence), labeling the M1 and M2 macrophages; anti-CD206
(Alexa568, red fluorescence) labeling the M2 macrophages and satellite cells; nuclear staining with
DAPI (blue fluorescence); thin arrow: M1-like macrophages; thick arrow: M2-like macrophages.
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Figure 4. Identification of M2-like macrophages in the operated femur: (A) immunolabeling of the
operated femur with anti-CD163; (B) negative control of the immunolabeling; anti-CD163 (Alexa488,
turquoise fluorescence), labeling the M2 macrophages; nuclear staining with DAPI (blue fluorescence).

3.2. Detection of Macrophages in Other Regions

Previously we showed the capacity to detect macrophages using immunostaining in a
non-decalcified cryo-fixed bone in the regeneration region (region 1). We further examined
whether the different regions of the femur far from the injury region contained macrophages
with phenotypic differences. In this context, three other regions were investigated: the
muscle far from the bone or the wound (region 2), the periosteum (region 3), and the bone
(region 4) (Figures 5 and S3). No difference between operated and non-operated femur tis-
sues were observed (Figure 5). In region 2, no macrophages were present; only satellite cells
could be detected (Figure 5B,C). In region 3, both M1-like and M2-like macrophages were
detected close to osteoclasts, as it is multinucleated cells expressing CD68 (Figure 5D,E).
In region 4, several cells expressing CD68 protein were detected. This result seemed to
be coherent as macrophages were also localized in the bone marrow. Surprisingly, cells
expressing only the CD206 protein were also detected (Figure 5F,G). This result requires
further examination. No expression of both CD68 and CD206 markers was detected in the
negative control (Figure S3).

3.3. Detection of Macrophages Based on Their Autofluorescence Feature

It is well known that bone tissue has strong autofluorescence [62,63]. This makes it
rather difficult to analyze the operated tissue with immunolabeling (using fluorophore-
labeled antibody) because there was an abundant autofluorescence in the regenerating
region (Figure 6). Autofluorescence may appear from structural proteins, such as collagen
and elastin, but other endogenous fluorophores, such as Flavin-type molecules, are also
often localized in cells [64,65]. In particular, immune cells, such as macrophages and
granulocytes contain a large amount of phagosome/phagolysosome in their cytosol [66].
Sections of the operated femur tissues had relatively intense (excitation with 488 nm
(Figure 6A–D,F) and excitation with 568 nm (Figure 6B–D,F)) autofluorescences exclusively
in the cells with endosome-like structure (Figure 6E,G). The sections of the operated
femur were subjected to different treatments, TrueVIEW Autofluorescence Quenching Kit,
Blue Evans, or Black Soudan, to get rid of endogenous fluorescence (data not shown).
Unfortunately, the endogen fluorescence was resistant to all treatments used so far.
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Figure 5. Identification of M1-like and M2-like macrophages in the rat femurs: (A) presentation of the
different regions of the femurs; (B,D,F) operated; and (C,E,G) non-operated femurs labeled with anti-
CD68 and anti-CD206 antibodies; anti-CD68 (Alexa488, turquoise fluorescence), labeling the M1 and
M2 macrophages; anti-CD206 (Alexa568, red fluorescence) labeling the M2 macrophages and satellite
cells; nuclear staining with DAPI (blue fluorescence); thin arrow: satellite cells; arrowhead: osteoclast.
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Figure 6. Observation of the autofluorescence in the operated rat femur: (A) detected autofluorescence
after excitation with light (488 wavelengths, turquoise fluorescence); (B) detected autofluorescence
after excitation with light (568 wavelengths, red fluorescence); (C) nuclear staining with DAPI (blue
fluorescence); (D) merged image; (E) bright-field image; (F) expanded view: high magnification
image of the area within the red rectangle in image (D); (G) expanded view: high magnification
image of the area within the red rectangle in image (E).

3.4. Investigation of Macrophage Fluorescence by Microspectroscopic Analysis

As the endogen fluorescence was very strong in the bone tissue, further investigation
was needed for macrophage characterization. Turquoise fluorescence was detected in
macrophages, but the autofluorescence prevented any conclusion as both specific fluores-
cence (coming from the immune signal) and autofluorescence were detected in a mixed
signal (Figure 7A). Microspectroscopical analysis in situ facilitates the differentiation be-
tween specific fluorescence and autofluorescence. The ratio between the intensity of specific
fluorescence and autofluorescence should be higher than three to conclude that the aut-
ofluorescence is not disturbing. This technique was applied to excited signals at 488 nm
to separate them from their characteristic emission spectra. The emission spectrum of
specific fluorescence reached a maximum at 520 nm, whereas the emission spectrum of
autofluorescence peaked at approximately 550 nm (Figure 7B). The intensity of the specific
CD68 fluorescence was approximately the same as the intensity of the autofluorescence
(Figure 7B). Using this technique, two subtracted images were extracted from Figure 7C: the
autofluorescence signal (Figure 7D) and the specific CD68 fluorescence of the macrophages
(Figure 7E). In the resulting image, we can distinguish autofluorescence from the CD68
specific signal in cells (Figure 7E).
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Figure 7. Identification of the in situ autofluorescence by microspectroscopy analysis. In the oper-
ated femur, macrophages were labeled with anti-CD68 antibody. Tissues were excited at 488 nm.
(A) Emission of the autofluorescence and the antigen-specific fluorescence (Alexa Fluor 488) with
turquoise fluorescence. (B) Microspectroscopycal analysis of Alexa Fluor 488 emission (turquoise
line) and autofluorescence (red line). (C) Separation of autofluorescence emission (red fluorescence)
and antigen-specific fluorescence (Alexa Fluor 488) (turquoise fluorescence). (D) Emission of the aut-
ofluorescence (red fluorescence). (E) Emission of the antigen-specific fluorescence (Alexa Fluor 488)
(turquoise fluorescence). Nuclear staining with DAPI (blue fluorescence). Fine arrow: macrophages.

3.5. Detection of IL-1β and IL-6 Cytokines in the Operated Femur

The presence of M1-like and mostly M2-like macrophages was shown earlier in the
wounded bone tissue with immunofluorescence techniques. The next step was to determine
the M2-like macrophages based on their cytokine expressions. Each subtype of M2-like
macrophages (M2a, M2b, M2c, or M2d) secretes a different panel of cytokines. The next
step was to identify the types of cytokines produced in the operated femur using RT-qPCR.
All three markers showed higher expression in the operated femur (2.2 times more CD68,
1.61 times more CD163, and 2.29 times more CD206 mRNA) (Figure 8). Among the tested
genes, two cytokines showed much higher expression, IL-1β (6.89 times more) and IL-6
(4.44 times more), in the operated femur compared to the non-operated femur (Figure 8).
The only M2 macrophage that produces these two cytokines is the M2b macrophage
(Figure 1). The in situ DIG technique is a commonly used, non-radioactive IHS method
because it is very sensitive, but it has the limitation that it only allows analysis of a single
gene in a sample.
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Figure 8. Expression of the different marker genes and cytokines in the operated femur; qRT-PCR
analysis of the different gene expressions. This result is the average of three measurements.

3.6. Identification of Macrophage Phenotype Using Both I DIG and In Situ HCR Techniques

In situ HCR was chosen to further characterize the macrophages. The advantage of
this technique is that it is more sensitive than FISH, and unlike in situ DIG, it allows the
identification of several genes at once. Our next question was whether we could detect M2b-
like macrophages in situ using this technique in the operated rat bone. Since cytokines are
usually secreted [48,67], immunostaining is not suitable to distinguish between different
subtypes. Indeed, it is quite challenging to identify which cells produce the secreted
protein. For this reason, an in situ hybridization technique was used to reveal the subtypes
of M2-like macrophages as it allows the detection of the mRNA coding for those cytokines.

For the first time, in situ hybridization with a digoxigenin-labeled cRNA probe (in situ
DIG) was used because the labeling remains stable, and it is an advantage to examine the
labeling architecture. This technique is the most widely used non-radioactive ISH method
because it is very sensitive, unfortunately, only one mRNA per section can be detected [68].
The expression of β-actin, IL-1β, IL-6, CD68, and CD163 genes was identified (Figure 9).
The β-actin was used as a positive control (Figure 9A). In the absence of a specific probe,
no expression was observed (Figure 9B). The mRNA expression of CD68, CD163, IL-1β,
and IL-6 genes (Figure 9C–F) was detected around the biomaterial. Both CD68 (Figure 9C)
and IL-1β mRNA expression (Figure 9D) was very intense. The CD163 (Figure 9E) and
IL-6 (Figure 9F) mRNA expressions were much weaker, but a higher magnification showed
a clear labeling (Figure 9G,H). In addition, β-actin, CD68, CD163, IL-1β, and IL-6 signals
were quantified in the operated femur. Upregulation of these genes was detected in the
Masquelet induced membrane region.

The same labeling was performed on the non-operated femur sections. In the non-
operated section, abundant expression of the β-actin mRNA was detected (Figure S4A), and
in the negative control (Figure S4B), expression was not observed. The CD68 (Figure S4C)
and IL-1β mRNA (Figure S4D) expressions were intense in the bone marrow, but no
expression in the other part of the femur was detected. No expression was found with a
small magnification of the CD163 (Figure S4E) and IL-6 (Figure S4F) mRNA. The CD163
expression was detectable only with higher magnification in the periosteum (Figure S4G).
IL-6 mRNA was present in the bone marrow (Figure S4H).
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Figure 9. In situ hybridization in the operated rat femur: (A) expression of β-actin mRNA (positive
control); (B) negative control; (C) CD68 mRNA; (D) IL-1β mRNA; (E) CD163 mRNA; (F) IL-6 mRNA;
(G) expanded view: high magnification image of the area within the red rectangle in image (E);
(H) expanded view: high magnification image of the area within the red rectangle in image (F);
(I) the stained area of the picture was quantitatively analyzed using ImageJ. The Masquelet induced
membrane region was compared with the control region (C) (n = 3). ** p < 0.01, * p < 0.5, ns = not
significant, compared to control region.

Because co-labeling was not possible with the in situ DIG technique, in situ hybridiza-
tion coupled with hybridization-chain-reaction detection (in situ HCR) was performed
on cryosections of the bone. Indeed, three different mRNA expressions were co-detected,
taking into account the rapid loss of signal of fluorophores within two weeks after labeling.
Using the in situ DIG method, a high expression of IL-1β and IL-6 was detected in the
regenerating bone. To examine whether M2-like macrophages were expressing these two
cytokines, in situ HCR was performed with CD163, IL-1β, and IL-6 probes altogether
(Figure 10A). Macrophages co-expressing the three signals were identified in the regen-
erated region of the operated femur, while no expression was detected in the negative
control (Figure 10B). By random examination of the fluorescence of 100 cells labeled with a
CD163 probe, the percentage of the M2b-like macrophages was approximately 68% of the
M2-like macrophages.
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Figure 10. Identification of the M2b-like macrophages in the operated femur by in situ hybridiza-
tion combined with hybridization-chain-reaction detection (in situ HCR): (A) in situ hybridization
combined with hybridization-chain-reaction detection (in situ HCR); (B) negative control: Probe-IL-6
(Alexa488, turquoise fluorescence), Probe-IL-1β (Alexa546, red fluorescence), Probe-CD163 (Alexa647,
yellow fluorescence), nuclear staining with DAPI (blue fluorescence).
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4. Discussion

Bone and muscle tissues constantly interact with each other by secreting cytokines
and other soluble factors [69]. Analysis of cytokine expressions during bone regeneration
is very important for developing new therapeutic approaches. We aimed to analyze the
different macrophage-specific cytokine expressions during bone regeneration in the sections
of the entire femur surrounded by muscle. Before sectioning, the tissues must be fixed and
embedded in paraffin. In our case, paraffin embedding was not possible because the muscle
significantly slowed down (around 5 weeks) the decalcifying solution (ethylene diamine
tetra acetic acid (EDTA)) from penetration and did not allow the use of ISH techniques in
these sections (data not shown) due to the mRNA degradation. To avoid this problem, an
improved version of the CryoJane tape transfer system was developed in our laboratory to
obtain the cryosections of the entire femur surrounded by muscle, which was suitable for
ISH techniques [49].

The role of macrophages in tissue development, homeostasis, and wound healing is
essential [17,19,21,22,37–39]. Bone regeneration is a very complex process. The continuous
interaction between bone-forming cells and macrophages is essential for successful bone
healing [1,70,71]. However, their role in bone regeneration remains poorly understood.
Subsequently, a deeper understanding of their involvement after an injury is essential to
developing new therapeutic strategies for bone repair. A broad spectrum of biomaterials,
differing in their structure, porosity, composition, and chemistry, is used as therapeutic
strategies for tissue repair. It is known from in vitro studies that macrophage polarization
remains biomaterial dependent. Data in the literature suggest that the host response in
the in vivo condition is more complex which limits the interpretation of in vivo results
compared to in vitro observations [72–74]. Previously, it was speculated that M1 and M2
macrophages subsequently participate in a different stage of bone regeneration [1,75–77].
Three weeks after lesion/surgery, both M1-like and M2-like types of macrophages were
detected in the injured bone tissue. Mostly M2-like macrophages were identified, while few
but detectable M1-like macrophages were observed. Our results suggest that bone regener-
ation is a complex process, and in contrast to our expectation, it requires the continuous
presence of two types of macrophages. Several publications suggested that macrophages
exert their effects on bone regeneration through secreted cytokines [1,8,36,38]. Vi and col-
laborators (2015) demonstrated that even the conditioned medium of the macrophages was
able to activate the “mineral deposition and bone formations” [8].

Macrophage subtypes produce diverse cytokines at different stages of regeneration.
Identification of cytokine-expressing cells by immunolabeling is quite complicated because
these proteins and peptides are secreted, making it very difficult to determine which
cells have produced them. In this work, we demonstrated the possibility to identify
macrophages in bone after the detection of cytokines expressed by macrophages with in
situ hybridization coupled with in situ HCR detection methods. This tool allows in situ
characterization of macrophages during bone regeneration, which was not possible earlier.
Fluorescence in situ hybridization (FISH) appeared in the 1980s [78–80]. The advantage of
this method compared with in situ DIG was that the expression of several mRNAs could
be analyzed in the same section [47,81]. However, it was only suitable for detecting highly
expressing mRNA. Unfortunately, the expression of cytokines is usually low. The in situ
HCR [49–53] method is a promising new method to study gene expression in bone tissues.
This technique allows the detection of multiple mRNAs also in the same section and is
suitable for the visualization of mRNA with low expression.

Other groups exhibited that at the bone damage location, M1 macrophages secreted
pro-inflammatory cytokines (TNF, IL-1β, and IL6) and induced the recruitment of the
mesenchymal stem cells (MSC) and other progenitor cells at the local site. Cytokine
expression was investigated in the operated and non-operated tissues by qPCR and in
situ DIG methods. Interestingly, very high expression of IL-6 and IL-1β was detected
by qPCR, and in situ DIG showed that these two cytokines were localized around the
biomaterial. M1-like and M2-like macrophages were present in regenerating bone although
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the M2-like macrophages were more abundant. The M2b macrophages are the only M2-like
macrophages that co-secrete these two cytokines. We found that the in situ HCR method is
a good compromise in macrophage identification and allows in situ determination of the
presence of the M2b-like macrophages.

5. Conclusions

In summary, at least five observations were highlighted: (1) There was a significant
difference between non-operated and operated bone tissues. With immunostaining, in the
operated bone tissue we observed mostly M2-like macrophages with smaller quantities
of M1-like macrophages. No macrophages were found in the non-operated bone tissue.
(2) The localization of the macrophages was limited to the wounded area. (3) The operated
tissue showed a strong IL-1β and IL-6 cytokine expression as measured by RT-qPCR
detection. (4) In addition, the in situ HCR method has been proved useful as it allows
selectively exploring the RNA expressions of the cytokines and macrophage markers in
the cells of the wounded bone tissue. With this technique, it was possible to identify the
in vivo M2b-like macrophages in the wounded bone tissue. (5) It was pointed out that
microspectroscopical analysis is very important in macrophage characterization because it
can differentiate between fluorescence and autofluorescence.

Finally, this work highlighted the limits of immunostaining and the interest in in situ
HCR method providing valuable information for in vivo macrophage characterization.
This technique is an important approach for analyzing the biological mechanism of bone
regeneration and offers a new perspective in the field of regenerative medicine.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines10061385/s1. Figure S1: Identification of M1-like and M2-like
macrophages in the rat femurs; (A–D) immunolabeling with anti-Iba1 and CD206 antibodies of the
operated femurs; (B–D) expanded view: high magnification image of the area within the red rectangle
in image A; anti-Iba1 (Alexa488, turquoise fluorescence), labeling the M1 and M2 macrophages;
anti-CD206 (Alexa568, red fluorescence) labeling the M2 macrophages and satellite cells; nuclear
staining with DAPI (blue fluorescence); thin arrow: M1-like macrophages; thick arrow: M2-like
macrophages. Figure S2: Identification of M2-like macrophages and satellite cells in the rat femurs:
(A) immunolabeling with anti-CD163 and CD206 antibodies of the operated femurs; (B) negative
control; anti-CD163 (Alexa488, turquoise fluorescence), labeling the M2-like macrophages; anti-CD206
(Alexa568, red fluorescence) labeling the M2-like macrophages and satellite cells; nuclear staining
with DAPI (blue fluorescence); thin arrow: M2-like macrophages; thick arrow: satellite cells. Figure S3:
Identification of macrophages M1-like and M2-like in the femurs of the rat; (A) negative control of
Figure 4B; (B) negative control of Figure 4C; (C) negative control of Figure 4D; (D) negative control of
Figure 4E; (E) negative control of Figure 4F; (F) negative control of Figure 4G; anti-CD68 (Alexa488,
turquoise fluorescence) labeling the M1-like and M2-like macrophages.; anti-CD206 (Alexa568, red
fluorescence) labeling the M2-like macrophages and satellite cells; nuclear staining with DAPI (blue
fluorescence). Figure S4: In situ hybridization in the non-operated femur of the rat; (A) expres-
sion of β-actin mRNA (positive control); (B) negative control; (C) CD68 mRNA; (D) IL-1β mRNA;
(E) CD163 mRNA; (F) IL-6 mRNA; (G) expanded view: high magnification image of the area within
the red rectangle in image E; (H) expanded view: high magnification image of the area within the red
rectangle in image F. Table S1: Oligos used for RT-qPCR: FW (forward primer); RV (reverse primer).
Table S2. Oligos are used for in situ hybridization experiments: T3 (T3 promoter); T7 (T7 promoter);
FW (forward primer); and RV (reverse primer).
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Abstract: Recent research on how the body resolves this inflammation is gaining traction and has
shed light on new avenues for future management of cardiovascular diseases. In this narrative
review, we discuss the pathophysiological mechanisms of atherosclerosis, the recent development in
the understanding of a new class of molecules called Specialized Pro-resolving Mediators (SPMs),
and the impact of such findings in the realm of cardiovascular treatment options. We searched the
MEDLINE database restricting ourselves to original research articles as much as possible on the
complex pathophysiology of atherosclerosis and the role of SPMs. We expect to see further research
in translating these findings to bedside clinical trials in treating conditions with a pathophysiological
basis of inflammation, such as coronary artery disease, asthma, and periodontal disease.

Keywords: cardiovascular disease; atherosclerosis; efferocytosis; inflammation; resolution;
immunotherapy

1. Introduction

Cardiovascular diseases have been ranked as one of the top causes of death in
the United States since 1980, with over 600,000 deaths recorded in 2018, irrespective of
ethnicity [1].

Atherosclerosis, a disease of the arteries set off initially by fat deposition, is a major
cause of life-threatening cardiovascular events. It was long thought to be a passive process
caused by the accumulation of cholesterol within the lumen of arteries resulting in ischemia
and an eventual complete blockage. However, in recent decades studies proved that
plaque inflation and rupture are the events that lead to the life-threatening consequences of
atherosclerosis [2,3].

Arteries are composed of endothelial cells (EC), elastin, collagen, and smooth muscle
cells [4]. ECs line the lumen of vessels and are subject to physical demands, such as shear
stress, imposed by the flow of blood. Such stressors fluctuate and vary through the length
of the artery, owing to the rheological properties of the blood and vulnerable areas of
the arteries, such as branching points. These factors contributed to the initial focus of
the pathogenesis of atherosclerosis and amplified through environmental factors such as
age-related arterial degeneration, lifestyle choices of diet and exercise, and other risk factors
such as obesity, hypertension, hyperlipidemia, diabetes mellitus, and smoking [2,5,6].

Recently the concept of inflammation resolution has garnered attention, as studies
showed that the end of acute inflammation is an active concerted effort by a class of
molecules termed SPMs and not a passive process that fizzles away in time. Thus, allowing
us to look at treating inflammation by enhancing its resolution. Since atherosclerosis
is a chronic inflammation that takes years, a temporal dependency dictates the efficacy
and efficiency of such processes [7,8]. This temporal dependency poses a challenge in
identifying risk groups with current diagnostic tools since not all individuals with the same
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cholesterol level end up with the same stage of atherosclerosis, and the lumens of such
vulnerable arteries are hard to access at times [2].

Current treatments for atherosclerosis include reducing blood cholesterol levels and
surgical upkeep of the arterial lumen—based on the knowledge that cholesterol accumula-
tion is the precursor of its pathogenesis; some developments have been made in treating
atherosclerosis with anti-inflammatory medications [9].

2. Pathogenesis of Atherosclerosis

The stressors discussed above subject the EC to injury. Intact ECs cannot regenerate the
nearby wounded site or migrate distally to an injured site to repair, causing the incessant
injury to exhaust EC’s turnover capacity. Lack of a repair mechanism results in perpetually
dysfunctional ECs. These cells lose their tight junctions and become more permeable to
molecules that otherwise would not be able to enter the intima. The ECs undergo alterations
in their adhesive characteristics, becoming ‘sticky,’ leading to more monocyte and T cell
attachment in early plaque formation and during plaque growth, respectively. Impaired
ECs also exhibit growth-stimulatory characteristics, enabling the entry of LDL molecules
and monocytes into the intimal layer, triggering the formation of a fatty streak, the first
step in the long process of plaque formation [6,10].

Apo B-100 receptors of the LDL particles bind to the proteoglycan molecules of the
extracellular matrix, enter the subintimal layer, and get oxidized. While their oxidation pro-
cess is multifactorial and not fully understood, it is postulated that Nitric Oxide Synthase
generated by the activated macrophages might have a significant role in it. Myeloperoxi-
dase, 15-lipooxygenase, hypochlorous acid, and phenoxy radical intermediates also bring
about such oxidation [2]. Oxidized molecular species modify the Lysine residues of Apo
B 100 [11].

In atherosclerosis, the oxidized LDL (ox-LDL) induces the release of chemical media-
tors by the cells in its vicinity and promotes the accumulation of macrophages. This process
initiates plaque formation and recruits inflammatory cells, beginning the process of chronic
inflammation in the arterial wall [11,12].

Within the intima layer, the damaged ECs release macrophage colony-stimulating
factor (M-CSF), which converts the initial set of monocytes into macrophages. These, in
turn, generate monocyte chemoattractant protein (MCP-1), which increases the number of
immunocompetent cells in the region. Studies have shown that MCP−/− and LDLR−/−
mice do not have a risk of atherosclerosis [13]. MCP-1 and the ox-LDL particle are the
essential chemokines involved in atherosclerosis [3]. In addition, LDL oxidation generates
reactive aldehydes and truncated lipids that trigger a pro-inflammatory cascade in ECs
and the expression of adhesion molecules such as VCAM-1, E-Selectin, and P-Selectin.
Receptors for MCP-1 on monocytes are heavily upregulated during early plaque formation
and are expressed by endothelial cells, smooth muscle cells, and macrophages [2,3,5,6].
Transient blockage of P-selectin, one of the receptors on EC or its ligand, in an apoe−/−,
cholesterol-fed mice before the incident of vascular injury resulted in a substantial reduction
of neointima formation [14].

Macrophages phagocytose ox-LDL molecules through the scavenger receptors SR-
A and CD36. An increase in ox-LDL intake does not downregulate these receptors, so
macrophages can potentially keep intaking these particles until they undergo apoptosis [2].
In healthier conditions or with high HDL presence, such macrophages can transfer the LDL
species to the HDL molecules to be circulated back to the liver. Apoptosis of macrophages
spills out the ingested ox-LDL giving it the color and the name fatty streak [2,3,5,6].

Vascular Smooth Muscle Cells (VSMC) are called into the growing plaque within the
intima and generate collagen, elastin, and other extracellular proteoglycans that give the
plaque its fibrous cap [5,6]. Even as the fibrous cap provides uniformity and stability to the
plaque, at its core is a soft lipid and necrotic material that, with enough growth, occludes
the lumen. On the other hand, if this lesion is not uniform, its stability is compromised,
allowing the possibility of rupture from shear stress [6].
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3. Plaque Stability

It has been established that it is the “stability” of the plaque rather than its formation,
the culprit behind life-threatening cardiovascular events (Figure 1). The process in which a
“fatty streak” morphs into an unstable plaque that ruptures, involves a complex interplay of
biochemicals between subsets of different types of immune-modulating cells and the local
environment. The most detrimental effect of a stable plaque could be ischemia of a distal
organ due to lumen occlusion. In contrast, an unstable plaque with its risk of rupture and
resulting thrombo-embolism will most definitely result in life-threatening cardiovascular
events such as infarction or stroke.

Figure 1. The proportion of pro-inflammatory and pro-resolving mediators in its microenvironment
decides the stability and fate of a growing plaque. An abundance of pro-inflammatory mediators,
results in inflammasome mediated pore formation leading to inflamed cell death and further release
of proinflammatory mediators such as DAMPs, prolonging the inflammation cycle and rendering
the plaque unstable and prone to thrombus formation. On the contrary, with an abundance of SPMs
in the milieu leads to efferocytosis, a non-phlogistic clearance of any cellular debris, and regulated
autophagy leading to a stable plaque.

As discussed above, fibrous cap comprises primarily of connective tissue and VSMCs,
that prevents macrophage-derived tissue factor from encountering various coagulation
factors in blood. Plaque instability rises from thinning of the fibrous cap due to the various
cytokines, apoptosis of VSMC, and the reduction of collagen production [6,15]. Reduction
of collagen production seems to be one of the major milestones in the cascade of events
that leads to the rupture of the fibrous cap. Studies in mice with various impaired {collagen
pathways, such as, enhanced INF-γ signaling, or genetically induced scurvy, have shown to
develop plaques susceptible to rupture due to a weak fibrous cap [9]. Molecular processes
such as cell adhesion, cytoskeletal restructuring, and migration play important role behind
the scenes in enabling various cellular players that define the characteristics of a stable
plaque. A ubiquitously expressed molecule Talin-1 aids in intercellular communications
through integrin activation, and crosstalk. While the exact role of it, if any, in plaque
stability needs to be determined, its expression has been shown to be downregulated in
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plaques vs. control arteries and has been found to exhibit a positive correlation with a stable
vs. an unstable plaque. Further, miRNA-330-5p has been identified as a potential positive
regulator of Talin-1 [16]. This is an example that the establishment of a plaque’s stability
is multifactorial involving molecular basis as well as genetic expressions. Some studies
have shown a positive correlation and a predominance of M1 subtype of macrophages in
ruptured plaques; however, any causal association is under debate, and our understanding
is still evolving [17].

4. VSMCs

Within the growing stable plaque, an interaction between the T cells and macrophages
secrete a wide array of chemokines and growth factors that target circulating monocytes,
local endothelial cells, and smooth muscle cells. This proliferation can lead to lesion
expansion. As discussed above, the stability of the plaque is derived from the presence of a
thick fibrous cap produced in part by the VSMCs. Activated VSMCs switch their phenotype
from contractile to synthetic and synthesize fibrotic proteins such as collagen [18]. Typically,
TGF-β is a potent activator of collagen synthesis by VSMCs; however, T-cells secrete INF-γ,
which inhibits collagen synthesis, especially types I and III, that are majorly found in
extracellular matrices of arteries [9,19]. It has been shown that INF-γ inhibit collagen
production by VSMCs even in the presence of TGF-β [19]. The source of INF-γ is T-cells,
the presence of which in atherosclerotic lesions helps to tie the link between adaptive
immune response to the stability of a plaque.

VSMCs also express scavenger receptors such as LOX-1 and CD-36 that internalize
ox-LDL, generating foam cells out of VSMCs, as they would with macrophages. This
generation of foam cells from VSMCs is most likely due to VSMCs’ phenotypic change
to resemble monocytes and mesenchymal stem cells. Endothelial and VSMCs, under the
conditions of acute inflammation, start to produce pro-inflammatory molecules such as
TNF-α, IL-1β, and MCP-1, among many others, which attract neutrophils to the inflam-
matory site. Neutrophils, in turn, act on these cells to increase their pro-inflammatory
effects, thus producing a snowball effect that prolongs the inflammatory response and
intimal hyperplasia [20]. Studies have shown that a knockout of the transcription factor,
Klf-4, which possibly mediates the phenotypic change in VSMCs, results in a reduction
of VSMC-derived macrophage-like cells, a smaller lesion size, and increased fibrous cap
thickness. These changes consequently increase plaque stability [21].

5. Macrophages, T Cells, Platelets

Macrophages, classically have been categorized into M1, involved in pro-inflammatory
pathways, and M2, participating in anti-inflammatory events. As noted above, monocytes
recruited to the site of plaque formation are activated by toll-like receptors (TLRs), and INF-
γ present in the micro-environment of a growing plaque to M1 subtype [17,22,23]. These
M1 type macrophages go on to secrete other pro-inflammatory cytokines such as IL-1b,
IL-6, TNF, IL-12, and IL-23 along with molecules such as reactive oxygen and nitrogen
species that sustain the ongoing inflammation [17]. M1 type macrophage also recruit
Th1 and natural killer cells to the growing plaque further exacerbating the injury due to
uncontrolled inflammation [24].

While historically, atherosclerotic plaques were characterized mainly by M1 type
macrophages, recent studies have brought to fore other subtypes of macrophages, such
as M4, Mox, M(Hb), Mhem. These subtypes vary in their local milieu and therefore their
activation, their phenotypic markers, and in their participation or role in the pathogenesis
as well as the characteristics of an atherosclerotic plaque. Recent studies with mouse models
and carotid plaques have shown the presence of M2 subtype in advanced lesions [25]. How-
ever, since the cause of their presence could not be narrowed down, and since macrophage
phenotypic switching based on their micro-environment is well-known, such representa-
tion is challenging and studies are still ongoing to demonstrate the presence of distinct
types of macrophages and their role in plaque stability and severity [17].
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The reduction in collagen levels in a plaque is partly due to decreased production
mediated by T cells and increased levels of breakdown by macrophages, neutrophils,
endothelial cells, and SMCs. Studies have shown that macrophages secrete several matrix
metalloproteinases (MMPs), such as MMP-1, MMP-2, MMP-8, MMP-9, and MMP-13,
which are structurally identical to enzymes that degrade fibrillar collagen types I and III,
proteoglycans, and elastin. Such MMPs also activate platelet aggregation and adhesion.
Ox-LDL increases MMP-14 expression in endothelial cells, which in turn activates MMP-2,
a potent gelatinase that acts on collagen IV, a constituent of the basement membrane. T-cells
can bring such secretions by macrophages through the CD40 ligand (CD40L). The finding
that the lack of MMPs resulted in increased and better-organized collagen in such plaques
proved the role of MMPs in plaque stability. Elastases such as cathepsins S and K, and
neutrophil elastase, have been found in plaques, which lower plaque stability possibly by
degrading the extra-cellular matrix [19]. CD40L by T cells not only increases the secretion
of MMPs but has also been attributed to the expression of tissue factor (TF) expression by
macrophages. TF is the major activator of thrombosis when the cells encounter coagulation
factors in blood. CD40L are also derived from platelets, which can cause its aggregation
when the local environment is conducive. This can lead to local small arteries that feed the
plaque to rupture leading to an intraplaque hemorrhage. This loop can continue whereby
the exposed CD40L can activate TF in the local environment, leading to the growth of the
thrombus, which in turn can cause further inflammation. While rupture of a plaque is the
climax of the negative cardiac events, superficial erosion of the endothelial cells lining the
plaque contributes to the weakening of its cap [19].

Not all small-scale changes that occur regularly within a plaque that result in mural
thrombus formation lead to negative cardiac events, as seen in the thrombus formed within
the vasculature of patients that did not die of heart conditions. These mural thrombi have
platelets as its participants and platelet derived growth factor (PDGF) thus secreted might
have led to the fibrosis of the plaque conferring it with stability. This ‘healing’ of the minor
plaque ruptures lead to the ‘expansive remodeling’ of the artery rather than the ‘constrictive
remodeling’ observed in an immature growing inflamed plaque [19].

6. Apoptosis

TNF family of cytokines from platelets has a pronounced effect on the apoptosis of
VSMCs. In addition, chemokines such as IL-1beta, TNF-alpha, and IFN-gamma by activated
macrophages and T cells in the immediate environment, induce apoptosis in VSMC and
block collagen production [26]. Myeloperoxidase produces hypochlorous acid in the event
of increased oxidative stress, which induces apoptosis in EC. Increased caspase-3 and DNA
ladders in ECs support the theory that oxidative stress inherent in inflammation-induced
plaque formation leads to a cyclic deterioration of plaque stability [19].

Loss of collagen through apoptosis of VSMCs, increased MMPs, and the accumula-
tion of necrotic debris by apoptotic macrophages, all cumulatively result in an unstable
plaque, increasing the chance for rupture. Risk of plaque rupture also increases with
superficial erosion of endothelial monolayer, the risk of which is increased with apoptosis
of endothelial cells due to inflammation [19]. Apoptosis is beneficial in clearing the cells
that help eliminate oxidized elements in the initial lesion, but the same processes, if left
unchecked, are detrimental during the later stages. Removing the injurious agent or resolv-
ing the inflammation could reverse the progression of the lesion from a fatty streak to an
unstable plaque.

7. Resolution of Inflammation

Resolution of inflammation has been established as an active process that begins
with and is characterized by a reduction in neutrophil recruitment and an increase in
efferocytosis, a non-phlogistic clearance of cellular debris by macrophages [8].

As with the active inflammation process, its resolution involves a myriad of chemical
modulators from a variety of cell populations through complex chemical pathways that
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are interconnected. Resolution of an ongoing inflammation is kicked off by the “class
switching” of prostaglandins and leukotrienes to lipoxins, which are also derived from
arachidonic acid [27].

The resolution of acute inflammation was studied by analyzing the exudate from
inflamed tissues and was found to be mediated by molecules derived from essential
fatty acids, Eicosapentaenoic acid, and Docosahexaenoic acid (DHA). These molecules
are termed SPMs and are classified into further subdivisions—resolvins (E and D series),
protectins, lipoxins, and maresins. E-series resolvins are generated from EPA, lipoxins from
arachidonic acid, while the rest, D-series resolvins, protectins, and Maresins, are derived
from DHA [21,28]. These SPMs assist in reducing inflammation via several mechanisms,
including increasing efferocytosis, as shown in (Figure 2) [29].

Figure 2. SPMs including maresins, lipoxins, resolvins, and protectins, assist in plaque resolution
through various pathways: converting pro-inflammatory M1 to anti-inflammatory M2 macrophages,
increasing effective efferocytosis, downregulating pro-inflammatory LTB4, VCAM-1, and MCP-1.

Resolution of an ongoing inflammation stimulates the increased formation of lipoxins,
which facilitate resolution by stopping further recruitment of neutrophils, inducing non-
phlogistic migration, and induction of macrophages to clear apoptotic neutrophils [27].

8. Efferocytosis

The process in which apoptotic cells are cleared is called efferocytosis. While mainly
managed by macrophages, vascular smooth muscle cells and neighboring cells may also
have efferocytotic roles. As discussed above, apoptosis is a significant phenomenon that
defines the progression of a plaque: EC, VSMC, and foamy macrophages all undergo
apoptosis fueled by the growing plaque’s chemokine environment. Tabas et al. have
concluded that clearance of such apoptotic cells is the real issue within an atherosclerotic
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plaque than apoptosis itself [10]. Martinet et al. have shown that efferocytosis is reduced
by approximately 20-fold in a plaque relative to normal [30,31]. Interestingly, macrophages
that become foam cells do not unload the engulfed ox-LDL to HDLs due to their defective
efferocytosis, suppressing reverse cholesterol pathways’ normal functioning. Defective
efferocytosis also triggers macrophages to secrete pro-inflammatory signals such as TGF-
β or IL-10. When efferocytosis is not complete, macrophages undergo cell membrane
lysis spilling out necrotic chemicals such as proteases, thrombogenic tissue factors, and
angiogenesis-promoting cytokines, creating more pro-inflammatory pathways (Figure 2).
It is also thought that phenotype switching of macrophages from anti-inflammatory M2 to
pro-inflammatory M1 has a role in diminishing the efficiency of efferocytosis [32].

Several classes of cellular molecules highly regulate efferocytosis: “find me” ligands
that recruit phagocytes to the site of apoptosis, bridging molecules that link phagocytes to
their targets, and “eat me” ligands on the apoptotic cell surface. These “eat me” ligands on
cell surfaces bind and activate engulfment receptors on phagocytes. A counter molecule
class called “don’t eat me” ligand is present on viable cells but is downregulated in apoptotic
cells. Studies have shown that ox-LDL in plaques induces auto-antibody generation within
macrophages and other phagocytes. These autoantibodies mask the cell-surface “eat me”
ligands on the dying cell. Ox-LDL also seems to act as a competitive inhibitor of scavenger
receptors, making them less efficient in clearing apoptotic cells, as shown in (Figure 3).
Calreticulin (Calr) is one of the key “eat me” ligands that binds to LDL Receptor-Related
Protein (LRP1) on phagocytic cells and induces engulfment. Carriers of a risk allele at
chromosome 9p21 are shown to express less Calr due to an inherited defect in TGF-β
signaling, resulting in a more extensive lesion formation. Plaques of such mice models
(that lack one of the 9p21 candidate genes) have been shown to exhibit plaque destabilizing
features. VSMCs deficient in Calr have been shown to resist phagocytosis in vitro, induce
pro-inflammatory foam-cell phenotype on cocultured macrophages, and suppress reverse
cholesterol transport. It was shown that an exogenous introduction of Calr reversed these
effects in-vitro [32].

 

Figure 3. RvD1 prevents the nuclear location of 5-LOX, increasing the production of pro-resolving
LXA4 and reducing the production of pro-inflammatory LTA4 in response to stress signals.

191



Biomedicines 2022, 10, 2829

As mentioned above, the “don’t eat me” ligands maintain the balance of efferocytosis
and protect healthy cells from being phagocytosed. CD47 is one such ligand on healthy cells
that interacts with the alpha receptor on phagocytes, shutting off the efferocytotic pathways
within the phagocytes. TNF-α weakens the downregulation of CD47 in atherosclerotic
plaque cells and renders them resistant to efferocytosis. CD47 blocking antibodies have
shown to have beneficial effects in mouse models by preventing atherosclerotic progression,
regressing the necrotic core, and preventing the plaque from rupturing [32].

A few other molecules have been implicated in the failure of efferocytosis in atheroscle-
rosis, including Milk fat globule epidermal growth factor 8 (Mfge8) and Mer receptor
tyrosine kinase (Mertk). Mfge8 is a bridging molecule between αvβ3 integrin on the
macrophages and externalized phosphatidyl serine on the apoptotic body [14]. This
molecule seems to be expressed less in atherosclerotic plaque. In mouse models that were
created with both LDLR−/−, and transplanted Mfge8−/− bone marrow had advanced
atherosclerosis with larger necrotic core and systemic inflammation. It is thought that Mfge8
might also have a role in reverse cholesterol transport by binding transglutaminase 2 [32].

Mouse models with both LDLR−/−, and transplanted Mertk−/− bone marrow
showed similar plaque properties to those with absent Mfge8 and LDLR. Furthermore,
a mouse with a defective kinase form of Mertk resulted in more plaque necrosis than
those found in ApoE−/−. Metalloproteinases, generally found in abundance in pro-
inflammatory settings, cleave Mertk into a soluble inactive form. This inactive molecule
provides a decoy receptor to Growth Arrest Specific 6 and leads to competitive inhibition
of efferocytosis [32].

Weissman and colleagues have found that cancer cells upregulate “don’t eat me”
ligands to evade phagocytosis. Antibodies and decoy molecules that inhibit such pro-
cesses and restore normal phagocytosis have been developed and are under study. If such
treatments prove effective, they will have immense potential in treating atherosclerosis. Sim-
ilarly, antibodies to TNF-α have been shown to reduce the expression of CD47. Anti-TNF-α
antibodies are used in patients with rheumatological conditions. Such patients appear to
be protected from myocardial infarction or adverse cardiovascular effects. Mouse treated
with a combination of anti-CD47 and anti-TNF-α antibodies showed a better reduction in
atherosclerosis than anti-CD47 alone. Given that there is a genetic susceptibility in reducing
the efficiency of efferocytosis through the example of Calr expression, a genotype-driven
therapy will most benefit such individuals [32].

9. Resolvins

9.1. Resolvin D Series (RvD)

RvD1 binds to two receptors, ChemR23 and BLT1, and increases macrophage phago-
cytosis and PMN apoptosis, respectively. RvD1 also upregulates anti-inflammatory IL-
10 and downregulates pro-inflammatory LTB4 [20]. Overexpression of the enzyme 15-
Lipoxygenase (15-LOX) reduced atherosclerotic plaques in rabbits [8]. Lack of resolution
of inflammation and the increased ratio of LTB4 to RvD1 have been implicated as the real
culprit behind what starts as a host-beneficial process to life-threatening events [33,34].
Since SPMs act in their local environments, the microclimate of the area of tissue necrosis is
vital in determining their viability and action; thus, a 5-LOX closer to the cell periphery can
interact with 12/15 LOX to produce RvD1 from DHA. Furthermore, RvD1 prevents the
nuclear location of 5-LOX, increasing the production of pro-resolving LXA4 and reducing
the production of LTA4 (Figure 3) [35]. Liquid Chromatography tandem Mass Spectrometry
of human carotid plaques revealed LXA4 and RvD1 as the major SPMs, requiring 5-LOX.
Furthermore, these pro-resolving molecules were much less in vulnerable plaques than
the stable ones. However, the intermediates such as 5-HEPE, 15-HEPE, 17, and 14-HDHA
through the actions of 5/15/12-LOX were high in vulnerable plaques, indicating that the
enzymes (5-LOX and 15-LOX) themselves were bioactive even in vulnerable plaques [33].
One mechanism by which there could be a reduction in RvD1 was proposed to be the
relocation of 5-LOX to the nucleus via the persistent activation of Ca2+/Calmodulin De-
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pendent Protein Kinase II (CAMKII) caused by the oxidative stress from substances such
as 7-ketocholesterol (7-KC) found in the atherosclerotic plaque. This was proven by the
reduction in the nuclear localization of 5-LOX once CAMKII expression was suppressed
in human macrophages [35]. Inhibition of CAMKII also prevented the reduction of RvD1
production by 7-KC [33]. RvD1 also blocked the synthesis of LTB4 from AA. Such path-
ways were mediated by the receptors formyl peptide receptor 2/ lipoxin A4 receptor
(FPR2/ALX), as both a receptor blocking antibody, as well as an antagonist, blocked this
reduction of LTB4 by RvD1 [35]. Nuclear localization of 5-LOX produces LTA4, which is
then transformed to LTB4 through the action of LTA4 hydrolase. This nuclear localization is
brought about by the phosphorylation of LOX-5 at Ser271 by p38MAPK-activated protein
kinase 2 (MK2). RvD1 blocks this phosphorylation through the receptors FPR2/ALX and
G-protein-coupled receptor (GPCR) Gi (and GPR32 in humans). LXA4, which shares the
same receptors, also has been found to reduce the phosphorylation. RvD1 could not block
the synthesis of LTB4 when incubated with large quantities of LTA4, demonstrating that
RvD1 cannot alter the pathway once LTA4 is formed [35]. Fredman et al. showed that
the decrease in RvD1 was associated with the progression of the atherosclerotic plaque
in the aortic arch of Ldlr−/− mice fed with a western diet for 8 or 17 weeks. Analysis of
the lipid mediators in early vs. late plaques showed an approximately 87-fold decrease
in RvD1 in advanced plaques but no significant change in LTB4 [33]. An increase in the
lesional RvD1 levels was noticed when RvD1 was administered within the physiologic
range. This increase resulted in the reduction of LTB4 levels, showing that RvD1 could have
facilitated this reduction by preventing the nuclear localization of 5-LOX. This simultane-
ous increase in RvD1 (through external administration) and reduction in LTB4 (through
RvD1 mediated reduction in the nuclear localization of 5-LOX) resulted in the ratio of
RvD1:LTB4 being reverted to its early plaque levels. In addition, RvD1 increased other
p SPMs, reduced oxidized CAMKII, reduced oxidative stress in the plaques, enhanced
efferocytosis of macrophages, reduced the size of necrotic cores, and reduced the levels of
collagenase and MMP9 without a concomitant reduction in the number of macrophages or
VSMCs, resulting in a thickened fibrous cap. All these effects contribute to the stability of
the plaque and in slowing its progression to an advanced type [33]. RvD1 was shown to act
on human PMN, in-vitro, through a GPCR receptor that was inhibited by Pertussis toxin
(PTX) and reduced their actin polymerization. They also blocked β2 integrin molecules on
human PMN that were regulated by LTB4. Enhancement of phagocytosis by macrophages
was also observed through the interaction of the receptors ALX, GPR32, and RvD1 [36].
RvD1 was also found to limit monocyte adhesion, reactive oxygen species (ROS), and
pro-inflammatory cytokine production in VSMCs derived from the saphenous vein in vitro
and in rabbit arteries that underwent balloon angioplasty [20]. It was found to alter the cy-
toskeletal properties of arterial smooth muscle cells (ASMC) in rats, thereby inhibiting their
migration. Furthermore, it reduces their proliferation, oxidative stress, and translocation of
p65, a molecule vital in NF-κB stimulation, which is implicated widely in the inflammation
processes. All these beneficial effects were observed without damaging the viability of
ASMCs [18]. Interestingly, a positive effect of RvD1 on reducing neutrophil infiltration
comes from the analysis done by Recchiuti et al. They found that RvD1, possibly through
its upregulation of certain micro RNAs (miRNAs) in humans, brought about a reduction in
the resolution interval by ~4 h. These miRNAs were found to target immune-competent
proteins such as the NF-κB pathway and 5-LOX (in the leukotriene pathway). By blocking
these pathways, the concentration of pro-inflammatory mediators is reduced [37].

Akagi et al. demonstrated that pretreatment of ASMCsin vitro with DHA-derived
SPMs, RvD2, and maresin-1(MaR1), impaired their migration towards PDGF in a dose-
dependent manner by 74% and 80%, respectively at a 100 nM concentration [38]. They also
showed that GPCR could have mediated this response since the reduction in migration
was attenuated in the presence of PTX, which inhibits GPCR proteins [20,36,38]. Of the
many immunologically active cytokines, TNFα induces the NFκB pathway by nuclear
translocation of p65 (Figure 4). This pathway results in the transcription of many pro-
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inflammatory cytokines such as TNFα, Interleukin (IL)-1, IL-6, and IL-8. An in vitro study
showed that RvD2 or MaR1 treatment of mouse ASMCs reduced p65 nuclear translocation
by 24% and 28%, respectively, at a concentration of 500 nM. At the same concentration,
such treatment also has reduced TNF-α induced superoxide production by 46% and 53%,
respectively [38]. Furthermore, RvD2 reduced the cultured VSMCs production of VCAM-1
and ICAM-1 induced by TNF-α [20]. Such effects of these two SPMs demonstrate their
anti-inflammatory and pro-resolving characteristics in their local environment. This pro-
resolving action reduced the neo-intimal hyperplasia (neointima: media area ratio), which
has been proven to be a result of chronic inflammation, by 67% and 71% by RvD2 and
MaR1, respectively. The same study also showed a decrease in migration of neutrophils
and monocytes to the area of injury, achieved by the suppression of MCP-1 expression by
activated VSMCs and an increase in the M2 phenotype of macrophages which promoted
resolution of the ongoing inflammation [38].

 

Figure 4. TNFα induces the NFκB pathway by nuclear translocation of p65. This pathway results in
the transcription of many pro-inflammatory cytokines such as TNFα, Interleukin (IL)-1, IL-6, and IL-8.
RvD2 or MaR1 treatment reduces p65 nuclear translocation, demonstrating their anti-inflammatory
and pro-resolving characteristics in their local environment.

Aspirin-triggered RvD1 (AT-RvD1) has been shown to activate the nuclear factor
erythropoietin 2 related factor 2 (Nrf2), increasing the expression of genes such as heme
oxygenase-1 (HMOX1), and NAD(P)H quinone oxidoreductase 1 (NQO-1), aiding in com-
bating oxidative stress in mice lung injuries [39].

9.2. Resovlin E Series (RvE)

Resolvin E (RvE) series (E1 and E2) molecules are produced from EPA through the
action of 5-lipoxygenase (5-LOX) [40]. In addition, RvE1 receptors have been found to be
GPCRs [41].

RvE series mediate the resolution of inflammation through the following means:

1. Reduction in chemotaxis of PMNs by affecting changes in their actin polymeriza-
tion [42].

2. Increase in non-phlogistic phagocytic activity of macrophages [42].
3. Dose-dependent increase in IL-10 (an anti-inflammatory cytokine) by macrophages [42].
4. Downregulation of leukocyte integrin activation, reducing their response to platelet

activation factor (PAF), a potent pro-inflammatory cytokine. This downregulation
was postulated to be mediated through the interaction of RvE2 and leukotriene B4
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receptor, BLT1. RvE1 binds BLT1 and ChemR23 equally, but RvE2 is a weak agonist
of the ChemR23 receptor [42]. Platelet aggregation is one of the hallmarks of acute
inflammation, brought about in part by ADP, which activates other platelets and
leukocytes through intracellular signaling pathways. These pathways ultimately
end with activation of platelet receptor GP IIb/IIIa, and granule secretion. RvE1 has
been shown to regulate an ADP-mediated pathway that results in P-selectin surface
mobilization through the ChemR23 receptor [43].

These SPMs have proven to be strong local modulators of acute inflammation through
these actions. One of the major risks in atherosclerosis—thrombus formation- is avoided by
preventing platelet aggregation. GP IIb/IIIa is a receptor for fibrinogen that is activated
by ADP within platelets. RvE1, at concentrations of ~100 nM, has reduced fibrinogen
binding to platelets. The lack of complete blockage of ADP stimulation of platelets by
RvE1 is beneficiary as platelet aggregation, and thrombus formation are required for
hemostasis [43].

10. Lipoxins

Lipoxins (LXs), as mentioned above, are endogenously made eicosanoids with anti-
inflammatory properties [44]. They are produced via two reactions mediated by a set of
lipoxygenases (LOX) using arachidonic acid (AA) as a precursor. AA is initially acted
on by LOX-12/15 to produce an intermediate that proceeds to generate LXs via LOX-
5. In humans, two types of LXs are made through this pathway, LX A4 and B4 [45].
LX A4 acts as an endogenous anti-inflammatory mediator by interacting with different
players in the inflammatory immune process. One of the receptors it interacts with is a
G-protein coupled ALX receptor found in many tissues and cells in the body, including
neutrophils, macrophages, and endothelial cells [46]. When LX A4 interacts with the
ALX receptor on neutrophils, it causes a reduction in the concentration of free oxygen
radicals and production of pro-inflammatory cytokines and chemokines. It also inhibits
the transmigration of neutrophils through the endothelium and induces apoptosis [46].
These changes on neutrophils is beneficial as the increase in ROS by neutrophils has
been shown to play a part in plaque formation and rupture [47]. In addition, LX A4
when interacting with ALX receptor on macrophages induces phagocytosis of apoptotic
leukocytes, hence ameliorating inflammation and inducing resolution [46]. Interestingly,
an experiment performed in animal models with LX A4 injections demonstrated inhibition
of the production of pro-inflammatory cytokines such as IL-1b, IL-6, and IL-8 and reduced
infiltration of neutrophils and levels of TNF-α [46].

Similarly, LX B4 as shown to be a strong mediator in resolving inflammation during
atherosclerosis [47]. Kraft et al. has recently performed an experiment depicting the effect
of lipoxins in healthy individuals and those with atherosclerotic disease. The results were
interesting, as they depicted lipoxins having opposing effects on neutrophils between
healthy individuals and those with atherosclerosis. In patient with atherosclerosis, LX
B4 seemed to inhibit the oxidative burst in neutrophils; and they describe the process of
neutrophil oxidative burst as being a key player in the atherosclerotic process. On the other
hand, in healthy individual LX B4 was shown to increase oxidative burst in neutrophils [47].

Furthermore, another player in clot formation and atherosclerosis are CD-11b inte-
grins, that have been shown to regulate chemotaxis of neutrophils and neutrophil-platelet
aggregation [47,48]. However, in the experiment by Kraft et al., they also illustrated that
LX B4 in atherosclerotic patients caused a decrease in the synthesis of CD-11b integrin;
thus, further decreasing neutrophil chemotaxis and the harmful effects of neutrophils in
the atherosclerotic process [47]. Although both LX A4 and B4 have some similar effects in
decreasing the detrimental effects of neutrophils, it was shown that LX B4 seemed to have
a more potent effect that LX A4 [47].

In a study of the temporal relationship between peptide-derived and lipid-derived
resolution compounds on patients that underwent abdominal aortic aneurysm surgery
by Pillai et al., pro-inflammatory and pro-resolving mediators were closely assessed both
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before and after surgery. Two distinct groups of profiles emerged from this study that
displayed either pro-inflammatory or pro-resolving milieu after surgery. The early resolving
group (Group B) was named such, as their average LXA4 levels rose steadily from just after
5 min to 72 h post-surgery, while in the late resolving group (Group A), LXA4 peaked at
5 min post-surgery and declined significantly thereafter. Group A also had overall lower
levels of ATL, higher levels of TXB2, and significantly high levels of LTB4 immediately
pre- and post-unclamping of the aorta. At the same time, group B showed high levels of
ATL at 5 min and 6 h post-surgery, overall low levels of TXB2 with a slight increase at
72 h post-surgery, and an overall low level of LTB4 with a mild increase at 24 h timeline.
While group A patients exhibited what might look like a pro-inflammatory group, all the
patients survived. Although the resolution mediating molecules showed up late, they
helped recover from inflammation induced by surgeries [41]. Lastly, a standard OTC
medicine, aspirin (and others of its class), which performs its action by inhibiting enzymes
cyclooxygenase 1/2, allows for the action of LOX enzymes to increase as both their enzyme
activities act on AA, resulting in increased LXs [45].

Our body’s innate mechanisms to deal with and curtail inflammation beyond its
stipulated duration, are numerous with complex interplays within the participating agents.
One such mechanism involves the nuclear factor Nrf2, a basic leucine zipper transcription
factor that increases the transcription of genes that code for antioxidant proteins such as
HMOX1, NQO-1, superoxide dismutase (SOD), and thioredoxin (TXN) involved in the
reduction of ROS. While ROS are essential for homeostasis, elevated ROS associated with
atherosclerosis induce and exacerbate endothelial dysfunction. HMOX1 has been shown to
reduce atherosclerosis in mouse models [39], and upregulation of Nrf2/HMOX1 protected
the human endothelial cells against TNF-α activation [49].

LXA4 prevented vascular endothelial cell (EC) damage due to oxidative stress through
Nrf2 and increased the production of HMOX1. The LXA4/FPR2 receptor agonist BML-
111 has shown to increase Nrf2 signaling and prevent oxidative stress in autoimmune
myocarditis mouse model [39].

11. Maresins

Maresins, macrophage mediators in resolving inflammation are made from the ω-3
fatty acid DHA. The key enzyme in the synthesis of maresins is 12-LOX and is synthesized
mainly by M2 macrophages [50,51]. Maresins appear to be tightly linked with macrophage
dependent cardiac tissue regeneration and act as pro-resolving mediators by augmenting
the secretion of TGF-β and decreasing concentrations of IL-6 and TNF-α [52]. MaR1 synthe-
sized by macrophages act on BLT1 and Leucine-rich repeat -containing G-protein-coupled
receptor 6 (LGR6) receptors to stimulate the phenotypic transition of macrophages from
pro-inflammatory M1 to pro-resolving M2 [52,53]. In addition, MaR1 acts on retinoic acid-
related orphan receptor-α (RORα) and LGR6 to enhance efferocytosis and phagocytosis
by stimulating phosphorylation of several proteins such as extracellular signal-regulated
kinase (ERK) and cAMP responsive element-binding protein (CREB1) [50,54,55]. In a study
conducted on human saphenous vein EC and VSMC in vitro, Chatterjee and colleagues
found that MaR1 weakened TNF-α induced monocyte adhesion by downregulating the
cell surface adhesion molecule E-selectin. However, VCAM-1 and ICAM-1 expressions
remained unchanged. MaR1 also reduced ROS generation in both EC and VSMC by
downregulating NADPH oxidases (NOX4, NOX1, NOX2). Because cell adhesion, and
the creation of ROS, are a couple of the hallmark events in inflammation, by minimizing
them, MaR1 is a SPM that stop polymorphonuclear infiltration and inhibit ROS product.
Blockage of TNF-α induction was discovered to be through inhibition of I-κ Kinase (IKK)
phosphorylation and, eventually, the reduction in the nuclear translocation of the p65
subunit of NF-κB as mentioned above. Phosphorylation of IKK, in turn, phosphorylates
and subjects I-kappa α to proteasomal degradation, resulting in the release of p65 from its
I-κ complex, which then migrates to the nucleus to act as a transcription factor. NF-κB has
been well established as a key transcription factor in synthesizing many pro-inflammatory
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molecules that act in a paracrine way to stimulate local inflammation [56]. It has been
shown that Aspirin enables the production of Aspirin-Triggered Lipoxin (ATL), a Lipoxin
A4 epimer, by interacting with the receptors FPR2/ALX found on VSMCs and macrophages
in atherosclerotic plaques. The presence of these receptors correlated negatively with the
clinical manifestation of the disease, implying a more stable plaque, possibly through
increased collagen and decreased collagenases [57]. However, MaR1 has been shown to
increase collagen synthesis leading to plaque stabilization by reducing the expression of
Arginase-2 (ARG2) in endothelial cells and nitric oxide synthase 2 (NOS2) in macrophages,
while increasing the expression of TGF-β1 and ARG1 [52].

Similar to AT-RvD1, MaR1 has also been found to induce Nrf2, increasing cytoplasmic
HMOX1, thus reducing the levels of ROS and improved pulmonary ischemia/reperfusion
injury [39].

While these studies shed light on SPM (LXA4, AT-RvD1, and MaR1)-Nrf2 relation-
ship in increasing antioxidative proteins within pulmonary physiology, there is still de-
bate on the overall cardioprotective effects of Nrf2, with studies showing that mice with
Nrf2−/−developed less atherosclerosis [58] and HMOX1 was seen highest within human
plaques with characteristics of high instability [59]. Roles of Nrf2 in lipid metabolism [58],
in reduction of scavenger receptor CD36 resulting in reduced foam cell formation [60],
and in NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome in-
duction by cholesterol crystals within the atherosclerotic plaque have been attributed to
these counterintuitive results of increased atherosclerosis with complete absence of Nrf2
expression [61].

12. Protectins

Protectins, of which PD1 is one of the most studied, are another class of SPMs, gen-
erated from DHA, through enzymatic action on an epoxide intermediate [50,62]. PD1
issynthesized by polymorphonuclear cells, macrophages, and eosinophils [63–65]. The
effect of PD1 is also correlated with the specific stereochemistry of the molecule; it has been
shown that the R-epimer of PD1 is much more effective in its anti-inflammatory properties
compared to the S-epimer [62,66]. Protectins’ anti-inflammatory activities include inhibiting
neutrophil migration, as well as reducing the concentrations of TNF-α and IFN-γ by acting
on GPCR37 or parkin-associated endothelin receptor-like receptor (PAELR) [67,68]. Among
many other cell-protective and immunoregulatory actions, it has been shown that PD1
reduces the production of pro-inflammatory cytokines, leukocyte accumulation, and T-cell
migration following an ischemic injury [67,69]. It has also been shown to downregulate
the expression of VCAM-1 and MCP-1 in human aortic endothelial cells [20]. PD1 acts as
an anti-inflammatory agent by regulating C-C chemokine receptor type 5 (CCR5) expres-
sion on neutrophils and decreases neutrophil infiltration of tissues [70,71]. In addition, it
augments phagocytosis and efferocytosis of macrophages, which in turn clear apoptotic
neutrophils [71]. Interestingly, PD1 expression has been shown to increase in the first few
hours of a myocardial infarct, a correlation that further suggests a possible pro-resolving
role of PD1 during early stages of inflammation [50].

13. Therapeutic Perspective of SPMs in Atherosclerosis

A continuous evolution of our understanding of the complex pathophysiology of
atherosclerosis and the emergence of the existence of SPMs pave way for individualized
and targeted pharmacotherapy in the treatment of atherosclerosis. As detailed above, this
involves a complete understanding of all the pathways each of these molecules participate
in, the consequences of altering such events, spatially and temporally, on both near and
remotely associated structures. It would also demand from the scientific community, a
feasible way to replicate in-vivo microcosms, so the bioavailability, pharmokinetics, and
pharmacodynamics behave as observed and anticipated in the numerous studies leading
up to it [50]. One challenge for example is the rapid metabolic inactivation of in vivo LXA4
and LXB4 by prostaglandin dehydrogenase [72].
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For instance, with the knowledge of FPR2 receptor as a master switch in promoting
resolution leading the cascade of events that blocks the phosphorylation and nuclear colo-
calization of 5-LOX, resulting in attenuation of pro-inflammatory cytokines, has led to the
development of the molecule BMS986235, a FPR2 agonist by Bristol-Meyers Squibb. They
had recently concluded a Phase1 trial. FPR2 has been shown to be a receptor to both LXA4,
and another anti-inflammatory protein, annexin A1 (AnxA1), the interaction that leads to
recruitment and polarization of macrophages to M2 phenotype. It would be interesting to
watch whether the agonists of FPR2 deliver the same results as reducing pro-inflammatory
molecules, and in stimulating macrophages to switch to their anti-inflammatory, M2 pheno-
type [73]. Another potent FPR1 and FPR2 agonist, called Compound 43 was developed by
Bristol Myers Squibb. Compound 43 has been shown to induce phagocytic and chemotactic
activities in mouse models, and later was patented to treat myocardial infarction [74].
Compound 17b, another agonist of FRP1/FPR2 had a similar effect on myocardial injury in
mice models [75].

Another receptor involved in resolvin pathways, ChemR23, could be exploited to
induce cascades leading to pro-resolution by utilizing its agonists. chemerin-9 is one such
agonist, an adipokine highly expressed in white adipose tissue. Infusion of chemerin-9
resulted in decreased concentrations of TNF-α, and size of atherosclerotic lesions, and
improved vascular functions [76].

G. Bannenberg et al., have shown that stable 3-oxa-ATL analogs that were resistant
to β-oxidation (ZK-142/ZK-996) or the corresponding trienyne analog (ZK-990/ZK-994)
exhibited anti-inflammatory effects in terms of inhibiting leukocytes and myeloperoxidase
activity following oral, intravenous, or topical administration [77].

In a study by Tang et al., involving mouse models, a metabolically stable analog
of aspirin-triggered resolvin D1, termed p-RvD1 (17R-hydroxy-19-para-fluorophenoxy-
resolvin D1 methyl ester) has been shown to reduce damage to vascular endothelial cells
resulting in markedly reduced vascular permeability in lung injury. Benzo-RvD1 (BRvD),
a synthetic analog of resolvin, 17R-RvD1, reduced the migration of VSMC and inhibited
NF-κB translocation in cytokine stimulated endothelial cells by 12% to 21% in a model of
rat carotid angioplasty [78].

Construction of novel nano particles derived from neutrophil-derived endogenous
microparticles, opens a promising door into the stable delivery of any SPM analogues.
Study using these nanoparticles enriched with aspirin-triggered resolvin D1 or a LXA4
analog reduced neutrophil influx, shortened resolution timelines, and demonstrated pro-
resolving actions in murine peritonitis [79].

The enzyme 5-LOX converts AA to LTA4 through the intermediates
5-hydroperoxyeicosatetraenoic acid (5-HPETE), and 5-hydroxyeicosatetraenoic acid (5-
HETE) with the help of the protein 5-Lipoxygenase Activating Protein (FLAP) [80]. If the
protein FLAP is inhibited, then the “class switch” from prostaglandins and leukotrienes
to lipoxins could be achieved, leading to the cascade of resolution. As such, a few FLAP
inhibitors/antagonists, or molecules that interfere in the FLAP mechanisms, AZD5718,
BRP-201, BRP-187 have been developed that are currently being studied to understand the
complexity of their consequences in inflammation and resolution.

14. Conclusions

As we gain more insights into the molecular mechanisms of atherosclerosis, our
understanding of its pathophysiology leading to cardiovascular disease has begun to
include hitherto incompletely characterized immunoactive SPMs (Figure 1). Their complex
temporal and functional interdependences seem to forge a path of resolution that begins
with the start of inflammation, which opens up an entirely novel way of treating the
world’s number one cause of death. While the current treatment modalities are mainly
damage-control with some passive preventive measures, further exploration of this new
understanding will undoubtedly lead to targeted, individualized medicine that has the
potential to be both preventative and curative.
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15. Limitations of the Study

As depicted in this review, SPMs each play their role in an intertwined manner to
resolve inflammation and thus curtail the pathogenesis of atherosclerosis in its early stages.
Through this article we offer a simple introduction and a bird’s eye view of the role of
SPMs in atherosclerosis and overview of their cellular and molecular mechanisms in
resolution of inflammation, that has been proven to be implicated in the pathogenesis
of the atherosclerotic cardiovascular disease. The exact molecular structure of each of
the SPMs, detailed review of the studies that led to their discovery, an in-depth analysis
of the interplay between various signal molecules, their receptors, and cell types in the
pathogenesis of atherosclerosis are beyond the scope of this article. Also limited is the
availability of a comprehensive list and analysis of any ongoing clinical trials with SPMs.
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Abstract: Many signaling pathways, molecular and cellular actors which are critical for wound
healing have been implicated in cancer metastasis. These two conditions are a complex succession of
cellular biological events and accurate regulation of these events is essential. Apart from inflammation,
macrophages-released ROS arise as major regulators of these processes. But, whatever the pathology
concerned, oxidative stress is a complicated phenomenon to control and requires a finely tuned
balance over the different stages and responding cells. This review provides an overview of the
pivotal role of oxidative stress in both wound healing and metastasis, encompassing the contribution
of macrophages. Indeed, macrophages are major ROS producers but also appear as their targets since
ROS interfere with their differentiation and function. Elucidating ROS functions in wound healing
and metastatic spread may allow the development of innovative therapeutic strategies involving
redox modulators.

Keywords: wound healing; metastasis; oxidative stress; macrophage; Hypoxia Induced Factor;
Nuclear Factor Kappa B; nuclear factor erythroid-2-related factor 2

1. Introduction

The process of wound healing is a successive well-organized cascade of events involv-
ing specific cellular and molecular actors with the intent to restore tissue homeostasis and
protect it from infection. On the contrary, unsuccessful healing is associated with severe
clinical outcomes such as tumor development. It is also now well documented that some
wounds like diabetic wounds or septic injury are associated with tumor progression and/or
with an increased risk of cancer relapse.

Excessive and prolonged inflammation during inadequate wound healing process
creates a microenvironment that shares strong similarities with tumor stroma. Notably,
these microenvironments are characterized by hypoxia that generates a neovascularization
for nourishment, influx of leukocytes sustaining the inflammatory response and break-
down/remodeling of the extracellular matrix. The tight similarity between wounds and
tumor stroma generation have been first proposed by Rudolph Virchow in 1858 with his ‘ir-
ritation theory’, in which he concluded that irritation and its subsequent inflammation were
the essential factors that led to the formation of neoplastic tissues [1]. Over a century later,
these same similarities have led Harold Dvorak to state that tumors are ‘wounds that do not
heal’ [2]. The strong similarities between the wound healing process and metastasis dissem-
ination have been extensively and recently reviewed elsewhere in particular concerning the
pivotal role of inflammation. Nevertheless, inflammation is also associated with oxidative
stress either via Reactive Oxygen Species (ROS) and/or via Reactive Nitrogen Species
(RNS) production that may play a key role in the clearing repairing process. Surprisingly,
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while these mechanisms are well known for wound healing, it remains poorly studied
concerning metastasis. In this mini-review, we will focus on the specific contribution of
oxidative stress in these two (physio)-pathological processes, in particular by describing the
molecular and cellular actors involved. Studying pathophysiological mechanism of wound
healing may help to better understand the metastasis process and lead to new therapies
and vice versa.

2. Good and Bad Wound Healing: Acute versus Chronic and Chronology of the
Cellular Actors

Four distinct and overlapping steps are needed in the physiological wound healing
process: (1) hemostasis, (2) inflammation, (3) new tissue formation and (4) tissue remodel-
ing [3–5].

Hemostasis consists of the formation of platelet plug, blood clot and consequent
local hypoxia. Then, during the inflammation phase, neutrophils and tissue resident
macrophages are the first immune responding cells to the wound [6–9]. This stage also
induces immune cells invasion particularly monocytes recruited from the bone marrow
and differentiated into mature inflammatory macrophages (named M1) [10]. Proteolytic
enzymes, pro-inflammatory cytokines, growth factors and ROS are secreted [11] to protect
organism against bacterial or other micro-organisms invasion. After this step, the levels
of pro-inflammatory cytokines and oxidative stress decrease to return to a basal state [11].
Resolving anti-inflammatory macrophages (named M2) contribute to remove cells and bac-
teria debris by efferocytosis or phagocytosis [12]. Keratinocytes, fibroblasts and endothelial
cells migrate to the wound and proliferate to initiate new tissue formation stage. Finally,
tissue remodeling macrophages promote matrix metalloproteinase (MMP) expression in
order to restore functional and anatomical integrity of tissue (Figure 1) [13–16].

 

Figure 1. Timeline of cellular actors, ROS and hypoxia involved in wound healing.
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After injury, various cells are recruited during the early phase of wound healing.
During the inflammation stage, platelets first migrate to the site of the injury to induce
coagulation followed by neutrophils. At the same time, ROS level increases while local
oxygen concentration decreases leading to hypoxia. Lymphocytes and M1 macrophages are
then recruited and promote inflammation. During the angiogenesis and proliferation stage,
fibroblasts migrate to the wound and macrophages polarization is modified. Hypoxia is
reduced and ROS level decreases indicating the beginning of the late phase. During the
remodeling phase, macrophages are polarized in an M2 resolving phenotype and fibroblasts
are still present. ROS return to a physiological low level and hypoxia is abolished.

Disturbance at any point in the wound healing process can contribute to pathological
wound like fibrosis or non-healing wound.

2.1. Macrophages in Wound Healing Process

Macrophages are major contributing cells in the wound healing process following
organ damage either induced by infection, autoimmune disorders, mechanical or toxic
injuries. Evidence demonstrates that macrophages depletion reduces inflammatory re-
sponses whereas macrophages activation reduces recovery responses [13,17]. Beside tissue
resident macrophages, bone marrow-derived macrophages, along with neutrophils, are
among the first cells recruited to the site of injury. Their role, widely reviewed within
the past years, is described at each step of tissue repair allowing them to be grouped
into three types of activation. Firstly, early research highlighted their pro-inflammatory
and scavenging contribution to the inflammatory stage [18,19]. Cellular response is then
initiated by secreted inflammatory mediators (chemokines, ROS, matrix metalloproteases)
leading to pathogens killing and phagocytosis [20,21]. At this stage, macrophages are
mainly described with a pro-inflammatory ‘classical’ M1 phenotype. Secondly, in response
to microenvironment stimuli, the predominant macrophage population can maturate to
an anti-inflammatory healing phenotype depicted to remove dead cells and dampen in-
flammation [22,23]. These M2 resolving macrophages promote cellular proliferation and
blood vessel development through growth factors (Platelet-Derived Growth Factor [PDGF],
insulin-like growth factor-1, Vascular Endothelial Growth Factor [VEGF]) and reduce local
hypoxia following injury [24,25]. They secrete Transforming Growth Factor-β1 (TGF-β1),
which will allow fibroblasts differentiation, stromal cells migration and expansion, wound
contraction and closure. In the final stage, a specific subtype of macrophages, called
tissue-remodeling macrophages, instruct tissue repair suppressing immune response and
subsequently resolving inflammation.

These three functional phenotypes involve an activation continuum that evolves,
according to cellular ontogenesis and environmental stimuli, from a pro-inflammatory to a
remodeling phenotype [26,27]. Each stage of wound healing must be carefully regulated,
especially by different macrophage phenotypes whose roles are unique and critical [28].

2.2. ROS in Wound Healing

ROS (superoxide anion [O2
•–] and hydrogen peroxide [H2O2]) act in the early phase

of wound healing to induce vasoconstriction, platelet activation and defend host from
bacterial invasion [11,29,30]. They play a pivotal role in orchestrating wound healing owing
to the function of their signaling mediators in immune and stromal cells. ROS allow the
recruitment of neutrophils, macrophages and/or lymphocytes to the site of injury [31]
and promotes endothelial migration and division. Oxidative stress indicators include
glutathione oxidation, modulation of redox-sensitive kinases, or transcription factors such
as Nuclear Factor-Kappa B (NF-κB) [32].

ROS level is finely controlled by small anti-oxidant molecules (vitamin C, vitamin E, α-
tocopherol, Nicotinamide adenine dinucleotide phosphate [NADPH]) or by an endogenous
anti-oxidant and pro-oxidant specialized group of enzymes [33]. Anti-oxidant enzymes
(catalase [CAT], glutathione peroxidase [GPx], superoxide dismutase [SOD], NADPH
quinone oxidoreductase-1 [NQO-1], Heme-oxygenase-1 [HO-1]) are designed to detoxify
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ROS and thereby eliminate their deleterious effects. Contrariwise, NADPH oxidases
(NOXs) are a family of major ROS-producing enzymes. The seven transmembrane isoforms
(NOX1, NOX2, NOX3, NOX4, NOX5, Duox1, and Duox2) have tissue- and cell type-specific
expression profiles and are involved in ROS production as NOX2 and NOX4 mRNA are
overexpressed in injury [34]. In addition to the control of the redox state, these enzymes are
implicated in a wide range of cellular processes, which includes apoptosis, cellular signal
transduction, host defense, angiogenesis and oxygen sensing [35].

A precise homeostatic control of oxidative state is essential for normal tissue repair
while extreme (low or high) levels of ROS can impair wound healing [36–39]. Indeed,
several studies indicated that reduced ROS level, by magnetic field or pro-oxidant enzyme
deficiency, improved wound healing in a model of diabetic mice [34,40]. Furthermore, it has
been well documented that non-healing wounds, due to diabetes, or chronic wounds char-
acteristic of pathologies such as inflammatory bowel diseases, are associated with a higher
ROS level [32,41–43]. Elevated and sustained ROS are, in these cases, due to excessive or
uncontrolled oxidant production or decreased anti-oxidants level (Vitamin E, glutathione)
or enzymes activity (CAT, GPx or SOD) [44,45]. This results in a prolonged inflammation
process. It therefore appears important to be able to modulate ROS production in healing
and to redirect the therapeutic strategy towards their control.

3. Macrophages Polarization: Role of ROS and NOXs

Because macrophages and ROS play major roles in the process of tissue repair, we will
focus this review on the mechanisms underlying ROS production during macrophages
differentiation and polarization in an oxidative microenvironment.

Based on hydroxyl radical (HO•) imaging, macrophages differentiation stage and HO•
formation are closely interlinked and involve NADPH and consequently NOXs [46]. Fur-
thermore, macrophages polarization towards the pro-inflammatory M1 phenotype resulted
in an increased O2

•– and H2O2 production compared to M2-polarized macrophages [47].
These results suggest the implication of NOX enzymes in this process.

Further evidence identified the pro-oxidants enzymes NOX1, NOX2 and NOX4 in
phagocytes [47,48]. NOX1 and NOX2 are the main isotypes expressed in both bone mar-
row monocytes and bone marrow-derived macrophages [49]. NOX2 is the most well-
characterized enzyme for its role in phagocytic function and is the highest expressed in
both human and murine immature macrophages, followed by NOX4 and NOX1 [47,49].

3.1. ROS in Macrophages Differentiation/Polarization and Function

Macrophages produce ROS, which can modulate macrophages function at various
stages. Firstly, ROS are essential for the monocytes to macrophages differentiation. Indeed,
previous studies indicated that chemically inhibition of ROS generation may affect the
monocyte-macrophage differentiation process. Treatment with butylated hydroxyanisole
(BHA), a ROS inhibitor, during differentiation blocked the increase in the expression of the
macrophage marker CD11b, the induction of O2

•– production and the specific macrophage
morphology features [50,51]. This loss of morphology was partially recovered by low
concentrations of H2O2 [50]. In the context of healing, ROS produced by neutrophils allow
bone marrow monocytes to differentiate into macrophages [52].

Secondly, ROS are required for M2 differentiation. ROS inhibitors have been re-
ported to block the overexpression of the M2 marker CD163, the M2 cytokine interleukin-
10 (IL-10) and the chemokines CCL17, CCL18 and CCL24 [50,51]. ROS inhibition only
acts during the polarization stage and has no effect on the phenotype and function once
the macrophage is mature. Indeed, decreased M2 ROS production, after lipopolysac-
charide (LPS) treatment, do not affect the expression of M2 markers such as CD163 or
CD200R [53]. With regard to the pro-inflammatory macrophages, this treatment had
no effect on the CD86 marker and little effect on the secretion of M1 cytokines, Tumor
Necrosis Factor-α (TNF-α) and IL-6 [50]. Other studies concluded that depletion of
H2O2 by catalase or inhibition of ROS favors the expression of M1 markers on bone
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marrow-derived macrophages [47] and a function on T cell proliferation comparable
to M1 macrophages [51]. It therefore seems that ROS are required for macrophages
differentiation and polarization.

3.2. NOXs in Macrophages Polarization

At the molecular level, NOX1 and NOX2 are implicated in this process. Indeed, in
monocytes from NOX1/2 double knockout mice, ROS generation was largely blocked
and affected macrophages differentiation resulting in more rounded and less differ-
entiated cells [49]. NOX2 and its product O2

•– specifically promote an M1 phenotype
with phagocytic activity and pro-inflammatory properties [54,55]. Accordingly, NOX2
deficiency reduced pro-inflammatory M1 macrophages and promoted M2 macrophages
polarization in a mouse model of brain injury [56]. In contrast, M2 polarization of
macrophages is characterized by both reduced NOX2 activity and reduced O2

•– produc-
tion. Loss of NOX1 and NOX2 affects the differentiation of monocytes to macrophages
and the polarization of M2 macrophages. The M2 populations from NOX1/2 double
knockout mice were substantially reduced compared with the wild-type mice [49]. In a
wound healing model, NOX1/2 double knockout mice had less infiltration of M2-type
macrophages in the wound edge and a delayed wound healing compared with wild-type
mice [49,57]. These results may indicate a defect in macrophages polarization or recruit-
ment to the site of injury. Another study, on in vitro murine macrophages, indicated that
loss of NOX2 induced a small but significant reduction in M1 polarization with no effect
on M2 polarization [47,49].

Because NOX4 expression is increased during phorbol myristate acetate (PMA)-
induced monocytes to macrophages differentiation, several studies analyzed the con-
tribution of this enzyme on this process. Data showed that NOX4 expression remained up-
regulated in the PMA-induced differentiating macrophages, while treatment with apocynin
downregulated NOX4 in an in vitro system [46]. When NOX4 was chemically inhibited,
TNF-α and IL-1β expression was increased in human macrophages, derived from periph-
eral blood monocytes, indicating M1 polarization. This was accompanied by a significant
downregulation in M2 markers [47]. On the contrary, other studies focused on murine
intestinal macrophages abundantly found in inflammatory bowel diseases and expressing
various phenotypes. They revealed that NOX4 inhibitor suppressed the M1 polarization
of intestinal macrophages, reducing the proportion of F4/80+ CD11c+ macrophages and
inflammatory cytokines levels [58]. We can assume that these divergent results of NOX4
inhibition relate with the macrophages lineage and that NOX4 may act on distinct differenti-
ation and polarization stages. Furthermore, the absence of NOX4 increased ROS formation
in M1-polarized macrophages. Because the major source of ROS in M1 macrophages is
NOX2, studies revealed that its expression was elevated in NOX4-deficient M1 polarized
macrophages [47].

3.3. Molecular Events and Signaling Pathways Involved in Wound Healing

Wound healing stages involve specific molecular hallmarks such as hypoxia, inflamma-
tion and oxidative stress. These markers are regulated, among other things, by numerous
transcription factors. Activation of these transcription factors is a key event for the hypoxic
or inflammatory signaling cascades and the oxidative stress response. We will describe
here the main signaling targets identified in macrophages (i.e., Hypoxia Induced Factor
[HIF], NF-κB and nuclear factor erythroid-2-related factor 2 [Nrf2]) and their functional
interrelation (Figure 2).
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Figure 2. ROS signaling pathways involved in wound healing and metastasis. Extracellular ROS
activate intracellular signaling pathways. 1© Nrf2 pathway. In unstressed conditions, Keap1 retains
Nrf2 in the cytoplasm. When ROS are produced, Keap1 is oxidized and ubiquitinated thereby
leading to its proteasomal degradation. Consequently, Nrf2 is free to translocate to the nucleus
and binds to the anti-oxidant response elements (AREs). This binding inhibits NOX2 and pro-
inflammatory cytokines transcription and enhances the anti-oxidant defense response expression.
2© NF-κB pathway. In normal conditions, NF-κB is associated with IκB and retained in the cytoplasm.

In the presence of ROS, IKK is activated and can phosphorylate IκB to induce its dissociation
with NF-κB and its proteasomal degradation. Then, free NF-κB translocates to the nucleus, binds
to NF-κB Response Elements (NREs) and induces target genes transcription leading to a global
inflammatory response. ROS are able to directly act in the nucleus inhibiting NF-κB binding to the
NREs. 3© HIF pathway. In homeostatic conditions, HIF-1α is hydroxylated by PHDs and targeted for
proteasomal degradation. HIF-1α is also regulated by FIH, which blocks the interaction between HIF-
1α transactivation domain and coactivators on HREs. During hypoxia or when ROS are produced,
PHDs are inactivated which stabilizes HIF-1α and FIH is inhibited. HIF-1α then translocates into the
nucleus where it binds to HIF Response Elements (HREs). Transcription of target genes is induced
leading to hypoxic and angiogenic response. Nrf2, NF-κB and HIF pathways are closely interlinked.
Nrf2 can inhibit IκB proteasomal degradation and NF-κB nuclear translocation, NF-κB pathway
induces anti-oxidant response regulating iNOS and COX-2 transcription and HIF-1α expression is
regulated by NF-κB.
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- HIF (Figure 2 1©)

In a wound, local oxygen level is reduced due to blood vessel destruction [59]. A
change in oxygen concentration regulates transcription factors, the main being HIF. This
local hypoxia implicates macrophages and induces ROS production, among others, as
signaling molecules to restore normoxia [42,60]. As oxidative stress and macrophages are
closely related during wound healing, the role of ROS on HIF activation, in macrophages,
has been investigated.

HIF are a family of 3 transcription factors (HIF-1, HIF-2 and HIF-3). These het-
erodimers of β-subunits and hypoxia-induced α-subunits (HIF-1α, HIF-2α HIF-3α bind
to hypoxia-responsive elements and activate target genes transcription. HIF-1α induces
the expression of glucose transporter 1 (GLUT1), and pyruvate dehydrogenase kinase
isoform 1 (PDK1) in macrophages [61,62]. In cancer cells, HIF-1α increases Programmed
death-ligand 1 (PD-L1) expression and cytokines secretion (i.e., VEGF) thereby promoting
tumor associated macrophages (TAM) accumulation and immune escape.

In homeostatic conditions, HIF activation is regulated by proteasomal degradation.
HIF is hydroxylated by prolyl hydroxylases (PHDs) and subsequently ubiquitinated by the
E3 ubiquitin ligase von Hippel-Lindau. These modifications direct HIF to the ubiquitin-
proteasome system for degradation. Another layer of regulation involves the interaction
between proteins from the signaling pathway. This level involves Factor inhibiting HIF
(FIH), which blocks interactions between the HIF-α transactivation domain and coactivators.
When oxygen concentration decreases, PHDs are inactive and HIF is stabilized in the
cytoplasm. This accumulation allows the transcription factor to translocate in the nucleus
and to regulate target genes expression [63].

Several studies have focused on oxidative stress and HIF during hypoxia or nor-
moxia [64,65]. They revealed that ROS contribute to HIF transcriptional activity by stabiliz-
ing HIF-1α and inhibiting FIH. Indeed, Chandel et al. demonstrate that catalase abolishes
HIF-1α stabilization under hypoxic conditions [64]. Conversely, high concentration of
H2O2 can induce HIF-1α stabilization in normoxia [65].

In macrophages, stimuli like LPS or pathogenic microorganisms’ infection, can up-
regulate HIF-1α expression and activity through NF-κB signaling [65–67]. Indeed, Li
et al. demonstrate the critical role of HIF-1α during macrophages polarization towards
pro-inflammatory phenotype. They also found that HIF-1α is necessary for macrophages re-
sponses when these cells are challenged with pathogens. Furthermore, in HIF-1α deficient
macrophages, mRNA expression, production and secretion of several pro-inflammatory
cytokines (TNF-α and IL-6) or VEGF are inhibited independently of oxygen level [67,68]. In
inflammatory bowel diseases, on the contrary, effects of HIF knockout in myeloid cells de-
pend on the type of transcription factor studied. Finally, in an intestinal context, HIF-1 has
been reported to promote inflammation while HIF-2 protects against chemically induced
inflammation [69].

- NF-κB (Figure 2 2©)

NF-κB plays a crucial role in inflammatory and immune responses and is subject to
complex regulation. It participates in a plethora of macrophages regulatory mechanisms
and is associated with extensive ROS production. Its role in healing is therefore important
at all stages of the process, whether it is at the early inflammatory phase or at the later
phase of tissue formation and remodeling [70,71].

NF-κB is a homo- and hetero-dimeric complex resulting from the five monomers in
mammals (RelA/p65, RelB, cRel, NF-κB1 p50, and NF-κB2 p52) [72]. The heterogeneity of
NF-κB targets is further increased by interactions of NF-κB dimers with other transcription
factors. The most well characterized heterodimer during inflammatory response is the
p50/p65 complex. NF-κB is kept inactive in the cytosol by binding to the inhibitory protein
IκBα (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha).
Under various stimuli (inflammation, cytosolic ROS), the IκB kinase (IKK) complex, which
is constituted of two catalytic subunits IKKα and IKKβ and a regulatory subunit IKKγ
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(or NEMO), is phosphorylated. This complex, thus activated, phosphorylates IκBα thereby
targeting the protein for proteasomal degradation. NF-κB is then free to translocate to
the nucleus and initiate the transcription of several genes [70,71,73]. ROS can also oxidize
NF-κB cysteines and inhibit its DNA binding, reducing its activity. In addition to its major
role in inflammation, an immunosuppressive one has been described in the context of
tumor microenvironment where ROS induce PD-L1 expression through NF-κB binding
to its promoter [74]. In the same way, in an inflammatory bowel disease model, ROS
activate NF-κB signaling leading to the recruitment and the polarization of intestinal
macrophages to an M2 phenotype [75]. In metabolic disorders such as obesity and type
2 diabetes, Luo et al. demonstrate that celastrol, a natural anti-oxidant, is able to suppress
M1 macrophage polarization and enhance M2 polarization through inhibition of NF-κB
nuclear translocation. This M1 polarization is mediated by the Nrf2 activation pathway [76].

- Nrf2 (Figure 2 3©)

Transcription factor Nrf2 is a basic leucine zipper (bZIP), which is a major sensor for
oxidative stress [77]. It has been described to maintain redox homeostasis and to attenuate
inflammation and thereby to be involved in wound healing [78].

Under unstressed conditions, Nrf2 is retained in the cytoplasm by Kelch-like ECH-
associated protein 1 (Keap1) that functions as an Nrf2 Inhibitor [79]. Keap1 is an adapter
protein of the E3 ubiquitin ligase Cul3-Ring-box 1, which is responsible for the ubiquitina-
tion and proteasomal degradation of Nrf2.

Upon oxidative stress, several cysteine residues on Keap1 are subjected to oxidation
which induced a conformational change in the protein and prevents Nrf2 ubiquitination and
subsequent degradation. As a consequence, Nrf2 is released from Keap1 and accumulates
in the cytoplasm. Nrf2 then translocates into the nucleus and forms a heterodimer with
bZIP proteins. On one hand, the heterodimer Nrf2 binds to anti-oxidant response elements
of target genes and regulates the expression of cytoprotective anti-oxidant genes and
detoxifying enzymes implicated in NADPH, glutathione and thioredoxin systems (HO-1
and NQO-1) [80]. Nrf2 is also implicated in NOX expression as its deletion in fibroblast
induces an upregulation of NOX4 [81]. As Nrf2 is essential to maintain redox homeostasis,
its inhibition in fibroblasts reduces specific NADPH ROS production during treatment with
ionomycin (a calcium ionophore agent) while it does not interfere with ROS levels in basal
conditions. In Nrf2 knockout mice, ROS level is increased compared to wild-type mice [81].

On the other hand, Nrf2 is described to regulate gene expression of pro-inflammatory
cytokines independently of ROS level [82]. In this case, evidence suggested that Nrf2 can
bind to the proximity of the pro-inflammatory gene (not only on anti-oxidant response ele-
ments) and interferes with the polymerase II thereby inhibiting the transcription initiation
step [82].

Furthermore, in macrophages, a high level of Nrf2 decreases LPS-induced cytokines
while, in its absence, pro-inflammatory cytokines are upregulated [83,84]. Microarrays
analyses, on bone marrow derived macrophages from Nrf2 knockout mice, indicated that
genes induced during M1 polarization are downregulated [82,83]. Other indirect evidence
suggests that Nrf2 induces M2 macrophages polarization. Overexpression of HO-1, a
Nrf2 target gene, induces an anti-inflammatory response in cultured macrophages [85].
In a model of delayed diabetic wound healing, Nrf2 activation accelerates the wound
process while Nrf2 inhibition mimics the effects of diabetes and the delayed process [84].
In inflammatory bowel diseases, Nrf2 has been reported to protect against colitis. The
first study describing this role, performed by Khor et al., reveals that Nrf2 knockout mice
are more sensitive to chemically induced colitis [86]. Further studies indicate that Nrf2
prevents the early stages of carcinogenesis associated with colitis [87].

Nevertheless, Nrf2 has been also described to favor the progression of cancer cells.
In TAM, nuclear translocation of Nrf2 is increased and its targeted anti-oxidant genes are
overexpressed. In Nrf2 knockdown macrophages, treatment with cancer cell medium
blocked the induced over-expression of M2 markers and down-regulation of M1 mark-
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ers [88]. Controversially, in macrophages exposed to the tumor fluid, data indicate that
Nrf2 nuclear localization is reduced, indicating an alteration in the oxidative status [89].

In wound healing, signaling pathways are closely linked and are activated at different
stages of the process. Their activation is not stage-specific but presents a continuum.
Their roles are in some cases redundant and allow the activation of the same target genes,
therefore having an identical overall effect. In some cases, transcription of target genes
from one signaling pathway will activate another pathway. It is therefore difficult to know
exactly the role of each signaling pathway in wound healing.

4. Metastasis

Many wound healing cellular actors, molecular mechanisms and signaling pathways
are also implicated in metastasis [2]. Therefore, elucidating the link between wound
healing and metastatic cancer progression may allow the development of better therapeutic
strategies against these two pathologies.

4.1. Metastasis Hallmarks

Metastatic spread comprises a complex succession of cellular biological events leading
to the dissemination of cancer cells from the tumor to the surrounding tissues and to distant
organs, through blood and lymphatic vessels [90]. Furthermore, it also involves crosstalk
between cancer cells and components of the tumor microenvironment [91].

The metastatic process begins with the hypoxia at the primary tumor site due to
excessive cell proliferation [92]. Reduced oxygen level induces HIF-1α stabilization and its
nuclear translocation, which promotes the expression of various genes involved among
others in angiogenesis, glucose metabolism, extracellular matrix remodeling, epithelial-
mesenchymal transition, metastasis, cancer stem cell maintenance and immune inva-
sion [93]. In parallel, hypoxia-induced necrosis results in a continuous release of cellular
debris, notably High Mobility Group Box protein-1 (HMGB1) by dying tumor cells [94].
HMGB1 has been shown to be up-regulated in tissue biopsies from cancer patients [95].
Interestingly, HMGB1 plays opposite roles depending on its redox state. Oxidized HMGB1
induces the production of pro-inflammatory cytokines whereas the reduced form interacts
with TAM therefore regulating monocyte recruitment, angiogenesis and immune suppres-
sion [96]. In fine, altering the redox status of HMGB1 may be considered as a therapeutic
approach to combat metastasis and favor wound healing.

Angiogenesis provides oxygen and nutrients supply essential for cancer cells to disso-
ciate from the basal membrane delineating the epithelial compartment from the stroma.
This requires the degradation of the extracellular matrix (ECM), through the activation
of matrix metalloproteinases [97]. Under normal circumstances, cells detachment from
the ECM leads to the induction of an apoptosis called anoikis, a form of programmed cell
death that occurs in anchorage-dependent cells [98]. However, cancer cells develop a trans-
differentiation program known as epithelial–mesenchymal transition (EMT), which render
the cells resistant to anoikis [99]. Anoikis plays an important role in the prevention of
metastasis and promoting its induction might be an interesting therapeutic strategy. Finally,
cells acquire stemness properties. Stemness is the ability of a cell to perform self-renewal
and is capable of pluripotency. This is an important feature for supplying material for
wound closure and for the establishment of cancer cells at the metastatic sites [100].

4.2. ROS and Metastasis

One of the principal mechanisms underlying metastasis in human cells is the disrup-
tion of the redox balance. This imbalance in redox homeostasis is induced by an increase
in free radicals, mainly ROS [101]. Cancer cells have elevated expression levels of NOXs
(NOX1, NOX2, NOX4, NOX5), leading to high levels of ROS [101,102]. Consequently, can-
cer cells have been shown to be more tolerant to oxidative stress via increased expression
of catalase and superoxide dismutase. However, the lack of robust anti-oxidant defenses
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may have detrimental consequences in the tumor microenvironment and in the adjacent
normal cells [103].

- Dual effect of ROS

Although several processes of metastasis are redox-sensitive, it is still controversial
whether ROS have oncogenic/metastatic or tumor suppressive functions. The answer
appears to depend on ROS levels and the cancer stage, leading many authors to consider
ROS as a “double-edged sword” [101]. Low to moderate ROS levels can promote survival
of cancer cells by inducing EMT and stem cell differentiation, enhancing angiogenesis and
switching to glycolytic metabolism. Conversely, excessive production of ROS induced by
chemotherapy and radiotherapy is detrimental to the survival of cancer cells and causes
cellular damage [104,105]. Concerning the stage of the disease, it has been reported that in
the early stages of cancer, ROS promote cancer initiation by inducing base pair substitution
mutations in pro-oncogenes such as Ras and tumor suppressor genes such as p53 [106].
As cancer progresses, an intracellular excess of ROS triggers apoptosis of tumor cells. To
escape this ROS-induced apoptosis, tumor cells produce high levels of anti-oxidants [106].
In the last stages of tumor development, ROS have a pro-metastatic role promoting the
spread of cancer cells.

- ROS and angiogenesis

Additionally, ROS are involved in angiogenesis. Angiogenesis is mainly mediated
by VEGF whose expression can be regulated by nutrient deprivation and hypoxia, both
of which increase levels of ROS [107,108]. Activation of angiogenesis by ROS can involve
different signaling pathways. Firstly, ROS have been shown to activate PI3K/Akt/mTOR
signaling cascade in different cancer cell lines (MCF-7, HepG2, H-1299, PC-3), enhancing
HIF-1α and VEGF expression and ultimately angiogenesis [109,110]. The role of ROS
has been confirmed by several studies showing that catalase and glutathione peroxidase
overexpression or NOX4 knockdown lead to a decrease in VEGF and HIF-1α levels and
inhibit angiogenesis in human ovarian cancer cells [111,112]. Further, oxidative stress
can induce angiogenesis in a VEGF-independent manner through the activation of the
TLR/NF-κB pathway. West et al. demonstrated the proangiogenic effects of TLR1/2 stimu-
lation by oxidative stress, represented by lipid oxidation products, in murine and human
melanoma [113]. In addition, angiogenesis is also mediated by matrix metalloproteinases
and upregulated by ROS [114].

- ROS, EMT and anoikis resistance

Several studies have proven that ROS are a major cause of EMT. ROS-induced EMT
has been reported to be NOX4-dependent in human metastatic breast epithelial cells [115]
and in lung cancer cells [116]. NOX4 is an important source of ROS induced by TGF-β
and under hypoxia, two important mediators in cancer metastasis [117,118]. Furthermore,
NOX4 inhibition significantly attenuated the distant metastasis of breast cancer cells to
lung and bone [119].

Resistance to anoikis seems to concern not only the field of cancer but also this phe-
nomenon may be interesting in wound healing. Indeed, ROS are considered as one of the
key players in anoikis sensitivity. In recent studies, ROS generation induced by NOX4
has been involved in anoikis resistance of gastric [120] and lung cancer cells [121]. ROS
promote EMT by inducing the expression and activity of MMPs that mediate proteolytic
degradation of ECM components [122,123]. TGF-β1, a well-established player of EMT
induction, regulates MMP-9 to facilitate cell migration and invasion via the activation of
NF-κB through a ROS-dependent mechanism [123]. Similarly, ROS production induced
MMP-2 secretion and activation results in pancreatic cells invasion [122]. In colorectal can-
cer, the EMT process is highly regulated through some of the classic tumorigenic signaling
pathways, such as the NF-κB, HIF-1, and TGF-β1 pathways [124]. Intriguingly, TGF-β1
induces EMT through Nrf2 activation as well as ROS production in lung adenocarcinoma
cells [116]. Indeed, Nrf2 is a key transcriptional regulator that drives anti-oxidant gene
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expression and protection from oxidative damages. Oxidative stress plays a critical regula-
tory role in these pathways by degrading inhibitors or inducing nuclear translocation and
consequent transcription [124].

- ROS and stemness

Cancer stem cells possess a particular redox status, since they have lower ROS levels
and increased anti-oxidant capacity than differentiated cancer cells [125,126]. Increasing ev-
idence shows that these low amounts of ROS are actually needed to maintain the quiescence
and self-renewal potential of cancer stem cells (CSC). Previous studies have demonstrated
that ROS contribute to reduce stemness and to enhance differentiation of CSC. For example,
glioblastoma stem cells have potent anti-oxidant defense mechanisms and H2O2 has been
shown to inhibit their self-renewal and induce their differentiation [127]. ROS have been
reported to promote hematopoietic stem cell differentiation with a progressive increase in
ROS levels with the advancing differentiation stages. Moreover, inhibition of ROS produc-
tion has been found to attenuate the differentiation of hematopoietic stem cells [128]. In
summary, hypoxia-associated increase in ROS in tumor cells promotes stemness. Although
oxidative stress promotes the development of CSC, ROS level declines after this acquisition
of stemness, allowing the maintenance of the sub-population.

4.3. Oxidative Stress and Metastasis: Cellular Actors Involved

Macrophages, neutrophils and fibroblasts are major ROS producers in the tumor mi-
croenvironment [92]. Here, we will focus on macrophages and fibroblasts since neutrophils
activation in wound healing and metastasis has been already extensively reviewed [129].

- Macrophages

In cancer, macrophages present in the tumor are known as TAM and can represent
up to 50% of the tumor mass [130]. ROS can be both beneficial and detrimental for the
anti-cancer immune function. Therefore, they may indirectly impact cancer progression
by altering cancer immune surveillance [131]. Although macrophages have anti-tumor
effects as immune cells, experimental and clinical evidence have revealed that TAM con-
tribute to tumor progression and metastasis. High levels of TAM are associated with weak
prognosis and decreased overall survival in various cancers [132–135]. The effect of ROS in
TAM polarization toward a M1 or M2 phenotype has been discussed, as several studies
showed that ROS can stimulate both activation statuses in TAM [49,50,136,137]. M1 and
M2 macrophages are two extremes in a continuum of macrophage functional states, which
reflect the different effects that can be observed on tumor cells [138].

O2
•– production promotes M2 polarization through activation of ERK and JNK sig-

naling pathways [49,50]. Moreover, administration of the anti-oxidant BHA blocked TAM
infiltration and tumor progression, which suggests a beneficial effect of ROS inhibition in
tumor therapy [50]. Indeed, another ROS scavenger, oligo-fucoidan, has been reported
to inhibit M2 polarization and TAM infiltration in subcutaneous colorectal tumors [139].
Conversely, Wu et al. demonstrated that increased NOX-dependent ROS production by
irradiation of macrophages promotes a pro-inflammatory M1 phenotype that is associated
with improved response to radiotherapy in rectal cancer [137]. Similarly, iron overload has
been reported to polarize macrophages towards an M1 phenotype by increasing ROS pro-
duction and reduction in ROS levels by N-Acetyl-Cysteine repressed M1 polarization [136].
These results confirm a link between ROS generation and M1 polarization of macrophages.
Apart from polarization, ROS also govern TAM apoptosis. For example, inhibition of
autophagy in macrophages increases ROS levels, provokes TAM apoptosis and leads to
regression of the primary tumor [140]. TAM are also major players in the regulation of
tumor angiogenesis in colorectal cancer [141]. They have been demonstrated to enhance
the expression of angiogenic proteins in the tumor microenvironment in an oxidative
stress-dependent manner by regulating the activity of NOXs [142].
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- Fibroblasts

In wound healing, fibroblast’s function includes renewal of ECM, the regulation of
epithelial differentiation and the regulation of inflammation. Cancer-Associated Fibroblasts
(CAFs) are the most predominant stromal cell type in the tumor microenvironment [143].
They are major producers of ROS [144], which facilitates metastasis through the activation
of angiogenesis [145]. Moreover, cancer cells induce ROS overproduction in CAFs con-
tributing to a pro-oxidative tumor microenvironment [146]. Conversely, ROS produced by
CAFs enhance ROS generation in cancer cells, increasing tumor aggressiveness [147]. CAF-
mediated ROS production are involved in the increased metastasis potential of prostate
carcinoma. CAF drive cancer cells to secrete cyclooxygenase-2 (COX-2)-mediated ROS,
which is mandatory for EMT, stemness and dissemination of metastatic cells [148]. Fi-
nally, CAFs, in a mouse model of squamous skin carcinogenesis, promote macrophage
recruitment and neovascularization in close association with NF-κB [149].

5. Conclusion and Future Perspectives

Although the intertwining of wound healing and metastasis have already been well
described in the literature, this review highlights the molecular and cellular similari-
ties between these two processes. Notably, accumulating evidence designates ROS and
macrophages as major regulators of these pathologies, in which disturbance can lead to
either pathological wounds or cancer cells spread. These two actors are intrinsically linked
since macrophages are the main source of oxidative stress and, at the same time, their
differentiation and polarization require ROS. In this context, both appear as potential
therapeutic targets.

As recapitulated in Figure 3, a high level of ROS is a common feature in the develop-
ment of non-healing wound and metastasis. Controlling oxidative stress level in wound
and tumor cells environment can be an interesting strategy both to promote wound healing
and to prevent metastatic spread. The excessive ROS accumulation could be managed by
(1) scavenging agents, (2) limiting its production and/or (3) increasing anti-oxidant defenses.
ROS-scavenging hydrogel showed enhanced wound healing abilities by down-regulating
pro-inflammatory cytokines, up-regulating the M2 phenotype of macrophages and promot-
ing angiogenesis and the production of collagen [150]. Secondly, the production of ROS
can be limited through NOXs inhibition. To date, few studies have focused on this area
due to the lack of specificity and pharmacological knowledge on NOXs inhibitors [151].
Nevertheless, a dual protective effect against oxidative stress has been demonstrated by
beta3-adrenergic receptor stimulation on macrophages. Indeed, it results in the inhibition
of NOXs activity, a decreased NOX2 level and an increased catalase expression [152]. Al-
though this study was conducted for preterm birth management, the use of beta3-adrenergic
receptor agonists can be applied to other pathologies associated with excessive oxidative
stress production. Finally, the use of anti-oxidants such as vitamins, polyphenols and
flavonoids has been widely studied [102,153]. Unfortunately, when used as monotherapy,
clinical studies did not provide any therapeutic benefit. Along with the tremendous rise of
the immune-checkpoint modulators as anti-cancer drugs, this led researchers to investigate
the potential synergistic effects of ROS blockade and immunotherapy. For example, recent
studies reported that vitamin C supplementation improved anti-cancer immunotherapies
efficiency in various murine tumor models [154,155].
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Figure 3. ROS levels during wound healing and metastasis. (A) ROS level during normal wound
healing. After injury, high levels of ROS (red) are produced and then decreased to low level (green)
over time to restore tissue integrity. (B) ROS level during chronic wound healing. After injury, high
levels of ROS (red) are produced and failed to be reduced inducing non-healing wound. (C) ROS
level during tumor progression. In tumor, ROS are produced in an intermediate level (orange). When
ROS level increased, tumor progression is promoted leading to metastasis.

Reprogramming of macrophages appears as the second target for the management of
cancer metastasis and, by extension, of wound healing. Indeed, since macrophages are also
involved in wound pathophysiology, this therapeutic approach can also be interesting in
wound healing. Administration of the anti-oxidant BHA blocked M2 macrophage differenti-
ation resulting in suppression of tumorigenesis in three different mouse cancer models [50].
Similarly, another ROS scavenger, oligo-fucoidan, induced monocyte polarization toward
M1-like macrophages and repolarized M2 macrophages into M1 phenotypes; therefore,
inhibiting colorectal tumor progression [139].

It is worth mentioning that some limitations of targeting oxidative stress as a promising
treatment in wound healing and metastasis relies on the balance needed between beneficial
and harmful effects of ROS. As a double-faceted agent, ROS also play a pivotal role in
orchestrating wound healing mechanisms [156] and as potent genotoxic agents causing
DNA damage in cancer cells [102]. As proof, radiotherapy and chemotherapy induce
oxidative stress necessary for their anti-tumoral activity [104,105]. Furthermore, due
to some disparities in the mechanisms of these two diseases, questions arise as to the
modalities and timing of administration of therapies. Defective wound healing would
require local treatment while systemic treatment seems more suitable to prevent and
treat metastases.

In summary, this review offers a compilation that may provide a better understanding
of the pivotal role of oxidative stress in both wound healing and metastasis, encompass-
ing the contribution of macrophages. Although the treatment of metastases or chronic
wounds is a real challenge, new therapeutic approaches involving administration of redox
modulators need to be considered.

6. Methods

This literature review was based on searches on PubMed, Web of science, Springer
and Wiley databases, with no time limit but giving preference to recent articles.
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