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ABSTRACT

Leukotrienes (LTs) are derived from arachidonic acid metabolism by the 5-lipoxygenase (5-LO) enzyme. The production of LTs is
stimulated in the pathogenesis of rheumatoid arthritis (RA), osteoarthritis, and periodontitis, with a relevant contribution to bone
resorption. However, its role in bone turnover, particularly the suppression of bone formation by modulating the function of oste-
oclasts and osteoblasts, remains unclear. We investigated the effects of LTs on bone metabolism and their impact on osteogenic
differentiation and osteoclastogenesis using a 5-LO knockout (KO) mouse model. Results from micro-computed tomography (puCT)
analysis of femur from 8-week-old 5-LO-deficient mice showed increased cortical bone and medullary region in females and males
and decreased trabecular bone in females. In the vertebra, we observed increased marrow area in both females and males 5-LO KO
and decreased trabecular bone only in females 5-LO KO. Immunohistochemistry (IHC) analysis showed higher levels of osteogenic
markers tissue-nonspecific alkaline phosphatase (TNAP) and osteopontin (OPN) and lower expression of osteoclastogenic marker
tartrate-resistant acid phosphatase (TRAP) in the femurs of 5-LO KO mice versus wild-type (WT). Alkaline phosphatase activity and
mineralization assay results showed that the 5-LO absence enhances osteoblasts differentiation and mineralization but decreases
the proliferation. Alkaline phosphatase (ALP), Bglap, and Sp7 gene expression were higher in 5-LO KO osteoblasts compared to WT
cells. Eicosanoids production was higher in 5-LO KO osteoblasts except for thromboxane 2, which was lower in 5-LO-deficient
mice. Proteomic analysis identified the downregulation of proteins related to adenosine triphosphate (ATP) metabolism in 5-LO
KO osteoblasts, and the upregulation of transcription factors such as the adaptor-related protein complex 1 (AP-1 complex) in long
bones from 5-LO KO mice leading to an increased bone formation pattern in 5-LO-deficient mice. We observed enormous differ-
ences in the morphology and function of osteoclasts with reduced bone resorption markers and impaired osteoclasts in 5-LO KO
compared to WT osteoclasts. Altogether, these results demonstrate that the absence of 5-LO is related to the greater osteogenic
profile. © 2023 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society
for Bone and Mineral Research (ASBMR).
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Introduction

he mechanisms by which bone modulation occurs are

complex and involve interactions between cells, local and
systemic factors."? Imbalanced bone formation and bone
resorption are correlated to various diseases. Chronic inflamma-
tory conditions are associated with osteoporosis and increased
bone fragility. During inflammation, various immune cell popula-
tions are activated to produce inflammatory cytokines. Those
molecules can activate the bone degradation cascade and
impair bone formation.”) Therefore, the chronic inflammatory
process induces increasing osteopenia.“”

In addition to cytokines, several other factors are involved
in the regulation of bone homeostasis such as hormones,
messenger molecules, and lipid mediators.”” In this context,
leukotrienes (LTs) are lipid mediators produced from the
action of the enzyme 5-lipoxygenase (5-LO) with a relevant
role in the inflammatory response.®’ They are products of
the arachidonic acid (AA) metabolism and are released after
cellular activation by toxins,”” immune complexes,'® and
soluble mediators.""

LTs comprise LTB,4 and cysteinyl leukotrienes (cysLTs), such
as LTCy, LTD,, and LTE,. They mediate autocrine or paracrine
signaling by binding to the G protein-coupled transmem-
brane type receptors (GPCRs.) LTB, is a potent chemotactic
mediator responsible for leukocyte recruitment and amplifi-
cation of the inflammatory response. It is mainly produced
by neutrophils, macrophages, and mast cells"? and is highly
present in synovial fluid and serum of patients with inflamma-
tory diseases such as rheumatoid arthritis (RA),("® whereas
cysLTs are known for their bronchoconstrictor proper-
ties."*"> However, little is known about the biological effects
of LTs on bone homeostasis.

Previous reports showed the importance of LTB; and LTD, in
bone remodeling and their ability to stimulate osteoclastogen-
esis and osteoclast function.'®'” These inflammatory mediators
are responsible for the inhibition of bone formation by reducing
the mineralized nodule formation with decreased alkaline phos-
phatase activity in murine calvariae osteoblasts leading to
impairment of osteoblast differentiation and function."® The
5-LO pathway in bone resorption became evident with the pres-
ence of LTB,4 receptor (BLT1) in osteoclasts and that bone cells
were able to produce LTs.""2% In vitro studies have shown that
LTB, increases bone resorption in murine cells'® and promotes
osteoclast formation from human peripheral blood mononuclear
cells, in a receptor activator of nuclear factor kB ligand (RANKL)-
independent manner.?24

Inhibition of the 5-LO enzyme attenuates inflammation and
bone resorption in lipopolysaccharide (LPS)-induced periodontal
disease, suggesting the role of LTs as an inducer of osteodegen-
erative diseases.*> LTB, inhibited alkaline phosphatase activity
in a dose-dependent manner in human osteoarthritis subchon-
dral osteoblasts.?"

Several studies demonstrated LTs as a negative regulator of
bone in 5-LO knockout (KO) mice, suggesting its role as an
inducer of osteodegenerative diseases, such as osteoporosis,®
osteoarthritis,?" periodontitis,*”?® and RA."® In the present
study, we demonstrated altered bone phenotypes in mice lack-
ing 5-LO and analyzed the molecular profile of osteoblasts and
osteoclasts in these bones. In this sense, an understanding of
the mechanisms orchestrated by inflammatory mediators that
lead to different biological responses in the skeletal tissue is of
great importance and may help the development of treatments

for bone loss associated with inflammatory diseases, orthopedic
and dental trauma, or even bone malignancies.

Materials and Methods

Animals

Eight-week-old female and male homozygous for the Alox5™ ",

also called 5-lipoxygenase knockout (5-LO KO), in the background
of 12952/Sv mice, and 129/Sv wild-type (WT) control mice were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
and maintained/bred in the vivarium at the University of Sao
Paulo. Eight-week-old mice were used for in vivo experiments
and 7-day-old pups, for the in vitro experiments. The animal room
had a 12 hour light/dark cycle and certified Envigo Teklad Global
Rodent Diets® were available ad libitum during acclimation and
throughout the study. We did not observe pain or distress. 5-LO
KO mice are viable and apparently live a normal lifespan, so we
did not have any limitations of this model for this study. Genotyp-
ing was performed by standard polymerase chain reaction (PCR)
method. All experiments were approved and conducted accord-
ing to the guidelines of the Ethics Committee on Animal Educa-
tion and Research of the University of Sdo Paulo, Bauru School
of Dentistry (CEEPA Proc. #005/2017) and Animals in Research:
Reporting In Vivo Experiments (ARRIVE).

Micro-computed tomography

Femurs and vertebrae images were acquired through Sky Scan
1174 pCT scanner (Bruker, Kontich, Belgium) (X-ray 50 kV and
800 pA) with a voxel size (volume and pixel) of 7.7 pm for the
femur and 14.1 pm for the fifth lumbar vertebra (Ls). The fol-
lowing parameters were evaluated using the CT-An software:
Bone volume (BV), total tissue volume (TV), bone volume/total
volume (BV/TV), bone surface (BS), bone surface/total volume
(BS/TV), specific bone surface (BS/BV), trabecular number
(Th.N), trabecular thickness (Th.Th), and trabecular separation
(Th.Sp). A total of 50 slices from the proximal to the distal
femur growth plate were analyzed. For the cortical bone,
50 slices of the mid-femur of each bone were used to quantify
cortical BV/TV and TV of the cortical bone. For the trabecular
bone of vertebrae, 100 slices were analyzed from the proximal
to the distal growth plate.

Immunofluorescence analysis

Immunofluorescence (IF) was performed on tissue sections of
decalcified formalin-fixed and paraffin-embedded (FFPE)
femurs and vertebrae from 5-LO KO and WT mice. Sections
were permeabilized with triton X-100, blocked with 5%
donkey serum followed by overnight incubation with
tartrate-resistant acid phosphatase (TRAP) (rabbit anti-TRAP/
CDA40L; Abcam, Cambridge, MA, USA; #ab2391-Abcam) and
osteopontin (OPN) (goat anti-OPN; Sigma-Aldrich, St. Louis,
MO, USA; #07635-Sigma-Aldrich) primary antibodies, and
followed by incubation with Alexa Fluor 647 goat anti-rabbit
(Invitrogen, Carlsbad, CA, USA; #A27040-Invitrogen) and Alexa
Fluor 488 donkey anti-goat (#A11055-Invitrogen) as second-
ary antibodies, respectively. Nuclei were counterstained
with DAPI (4,6-diamidino-2-phenylindole, dihydrochloride).
Images were acquired using the Keyence BZ-X800 fluores-
cence microscope at magnification x20. Fluorescence inten-
sity was quantified by ImageJ software (NIH, Bethesda, MD,
USA; https://imagej.nih.gov/ij/).
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Immunohistochemistry

Immunostaining was done in the femurs of females and males
for tissue nonspecific alkaline phosphatase (TNAP) and OPN,
and in femurs of females for TRAP, from 5-LO KO and WT mice,
by the avidin-biotin-peroxidase complex (ABC) method (Vector
Labs, Burlingame, CA, USA). SuperBlock in phosphate-buffered
saline (PBS) (Life Technologies, Waltham, MA, USA) was used
for blocking the following primary antibodies for TNAP (rat
anti-TNAP; R&D Systems, Minneapolis, MN, USA; #MAB2909-R&D
Systems), OPN (goat anti-OPN; #07635-Sigma-Aldrich), and TRAP
(goat anti-TRAP; Santa Cruz Biotechnology, Santa Cruz, CA, USA;
#sc-30832-Santa Cruz). After 2 hours of incubation at room tem-
perature, biotinylated secondary antibodies (anti-rat #BA4001,
and anti-goat; Vector Laboratories, Burlingame, CA, USA;
#BA5000-Vector Labs), and anti-goat N-Histofine Simple Stain
Max PO-(Nichirei Biosciences, Tokyo, Japan), were used in PBS
and incubated for 30 min at room temperature, followed by sev-
eral washes with PBS, ABC complex incubation for 30 min, and
DAB reaction (ImmPACT DAB; Vector Laboratories) according to
manufactured instructions. Counterstaining was performed
using Mayer Hematoxylin.

The immunohistochemistry (IHC) quantification was blindly
analyzed according to different cohorts. The number of strong
positive intensities of each staining was measured using Aperio
Image Scope v. 12.3.3 (Leica Biosystems, Buffalo Grove, IL, USA)
based on the image pixels to reduce or eliminate human bias.
The number of TNAP' osteoblasts and OPN™ osteoblasts/
osteocytes were also quantified. All osteoblasts located within
the osteoid, exhibiting elongated nuclear profiles or tall colum-
nar profiles adjacent to the osteoid, were considered positive.
TRAP™ osteoclasts were quantified manually by cell counting in
the ossification zone and their adjacent area. All bone cells were
quantified at magnification x20x using ImageJ software.

Primary osteoblasts isolation

Calvariae from 7-day-old 5-LO KO and WT mice were collected,
washed with Hank’s balanced salt solution (HBSS), and digested
in 2.5 mg/mL of collagenase and 1 mg/mL of trypsin solution
three times under the water bath shaker at 37°C. The supernatant
for the first 15 min of digestion was discarded. The second and
third digestions were performed for 30 and 45 min, respectively.
The supernatants were transferred to new falcon tubes followed
by centrifugation at 364 g at room temperature (RT) for 5 min.
The pellets were resuspended in a complete culture medium, min-
imum essential medium (MEM) alpha supplemented with 10% of
fetal bovine serum (FBS) plus 1% of penicillin and streptomycin
and added in culture flasks. The cells were placed in a CO, incuba-
tor for the subsequent experiments.??)

Experimental setup and treatment conditions

For osteoblasts experiments, the cells were plated at densities of
2% 1035 x 1032 x 10% 3 x 10%,and 1 x 10° cells/well to per-
form proliferation assay, intracellular calcium (96-well plate), alka-
line phosphatase (ALP)/mineralization (24-well plate), quantitative
PCR (gPCR)/cyclic adenosine monophosphate (cAMP) (6-well
plate), and the proteomic analysis/quantification of eicosanoids
(90-mm Petri dishes), respectively. After 48 hours of adhesion,
the cells were treated with osteogenic medium (OM) (MEMa plus
10% FBS, 1% antibiotic, and supplemented with 50 pg/mL of
ascorbic acid and 10mM p-glycerophosphate). Then the osteo-
blasts were treated or not (control) with LTB, and LTD, at

1 x 10°®M,%? LTs inhibitors such as MK 886 and MK 591 at
1 x 107°M, LTB, antagonists such as CP-105696 at 1 x 10 °M,
and U75302 at the dose of 1 x 107’M, and CysLTs antagonist
MK 571 at 1 x 107°M®%*" yp to 21 days. In the control group,
the cells were incubated with the same percentage of the vehicle
(dimethylsulfoxide [DMSO] or ethanol). The culture medium was
changed every 3 days.

Alkaline phosphatase activity

Protein extract from the cell lysate was obtained by adding
200 pL of the buffer containing 10mM Tris (pH 7.5), 0.5mM
MgCl,, and 0.1% Triton X-100. ALP activity was given by the con-
version of p-nitrophenyl phosphate (pNPP) into p-nitrophenol.
Then, the reaction solution (25mM glycine buffer [pH 9.4], 2mM
MgCl,, and TmM pNPP) was added to a 96-well plate and incu-
bated for 30 min at 37°C. Thereafter, 50 pL of the sample (dilu-
tion 1:1) was added. The plate was held at 37°C for 30 min. The
reaction was quenched with TM NaOH and the final product
was quantified at 405 nm. The results were expressed as ALP
activity in nmol of p-nitrophenol x min~" x mg~" of protein.*?

Mineralization assay

The mineralization was evaluated by Alizarin red staining. After
14 and 21 days of culture, the cells were fixed with 10% formalin
for 10 min at RT. Then, the cells were incubated with 2% Alizarin
solution pH 4.2 for 10 min at RT followed by three washes with
ultrapure H,0. The plates were imaged by using the Kodak Gel
Logic 100 Imaging System (Kodak, Rochester, NY, USA). The
quantitative analysis was evaluated by the colorimetric method
according to da Silva and colleagues.®*® After the plates were
completely dry, 280 pL of 10% acetic acid was added directly
into each well stained with Alizarin red. The plate was shaken
for 30 min at RT. The contents of each well were transferred to
microtubes, which were heated at 85°C for 10 min and then kept
onice for 5 min. The tubes were centrifuged at 9.200 g for 15 min
and 100 pL of the supernatant from each tube was transferred to
a 96-well plate. Subsequently, 40 pL of 10% ammonium hydrox-
ide was added to each well to neutralize the acid. The absor-
bance was measured in a spectrophotometer at 405 nm.*%

Reverse transcriptase-qPCR

Osteoblast and osteoclast mRNA was isolated by the column
extraction method using the RNeasy mini kit (QIAGEN, Valencia,
CA, USA; #74106; DNase #79254) according to the manufac-
turer’s instructions. The pellet of the samples was resuspended
in 30 pL of diethyl pyrocarbonate (DEPC) water and quantified
in Nanodrop (Nanodrop Technologies, Wilmington, DE, USA).
Two micrograms of RNA were reverse transcribed and 0.1 pg
was used for qPCR reactions. The reverse transcriptase (RT)-qPCR
was performed using the Sensi mix Hi-Rox SYBR Green (Bioline,
Memphis, TN, USA). The results were expressed as an increased
fold in gPCR and normalized by the constitutive GAPDH gene.
Table S1 shows the primers used for the gene expression of bone
formation and resorption markers, as well as inflammatory
markers.

Quantification of intracellular calcium

The assay was performed using the Fluo4-NM Calcium Kit
(Molecular Probes, Eugene, OR, USA) according to the manufac-
turer’s instructions. The culture medium was removed, and the
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osteoblasts were pretreated with 100 pL of 2.5mM probenecid
solution. The plate was incubated for 30-45 min at 37°C. Then,
LTB,4, LTD4, or vehicle was added to the specific wells at reading
time. The mean fluorescence intensity was evaluated at excita-
tion at 494 and emission at 516 nm.

Quantification of intracellular cAMP

Intracellular cAMP quantification was performed on 5-LO KO and
WT osteoblasts treated or not with LTB; and LTD, at 7 and
14 days. Prior to collection, the cells were incubated with exoge-
nous LTB, and LTD, at 1 x 10~°M for 15 min. The supernatants
were discarded, and the cells were lysed by incubation with
0.1M HCI (22°C) for 20 min followed by disruption with a cell
scraper. cCAMP levels were determined by the enzyme-linked
immunosorbent assay (ELISA) immunoassay kit according to
the manufacturer’s instructions (Cayman Chemical Company,
Ann Arbor, MI, USA).

Mass spectrometry analysis of eicosanoids
Quantification, extraction, and concentration of eicosanoids

Cells were washed with PBS and a solution was added containing
3uM of calcium ionophore in HBSS containing Ca™ and Mg™ for
30 min incubation at 37°C to stimulate the production of LTs.
The supernatant was collected and the same proportion (1:1)
of methanol was added. Eicosanoids dissolved in the superna-
tant are separated from other compounds present in the
medium according to their chemical and physical properties,
separating low-polarity compounds from the highest-polar
compounds. Separation by solid-phase extraction®> depends
on the affinity of the analyte of interest dissolved in a liquid
(mobile phase) for the solid phase that fills the cartridge
(stationary phase). For this, 10 pL of the solution containing
the internal standards was added to each sample (10 ng de
AA-d8; 5 ng de 6-KetoPGF2da-d4, LTC,-d5, LTE,-d5; 2 ng de
5-hydroxyeicosatetraenoic acid [HETE]-d8, LTB,-d5, LTD,-d5,
PGF2ad4, prostaglandin E2 [PGE2]-d4, prostaglandin D2
[PGD2]-d4, thromboxane B2 [TXB2]-d4). Samples were shaken
and kept on ice. Meanwhile, the solid-phase extraction (SPE)
cartridges were activated with 4 mL of methanol and then con-
ditioned with the same volume of water. After that, the samples
were applied to the cartridges properly positioned in the
extraction tank and the vacuum pump was turned on to help
the sample slowly pass through the SPE cartridge. After passing
the entire sample through the cartridge, it was washed with
5 mL of ultra-pure water to remove possible interferences that
may have been adsorbed on the stationary phase. Cartridges
were well-dried with the help of a vacuum. After that, micro-
tubes were fitted to the extraction tank to collect the elution
washes containing the lipids. Then, the eicosanoids were eluted
with 1 mL of methanol. After that, the samples were concen-
trated until completely dry, and then the pellet was resus-
pended in 50 pL of the solution containing methanol and H,0
(7:3). The samples were transferred to the vials and then
inserted into the mass spectrometer Nexera X2 TripleTOF
5600+ System (SCIEX, Framingham, MA, USA).

Proteomic analysis

Total proteins of primary osteoblasts, as well as long bones from
females 5-LO KO and WT mice, were extracted in lysis solution
(Urea 6M, Thiourea 2M, Dithiothreitol [DTT] 10mM, Ambic

50mM, and Sodium Dodecyl Sulfate 0.1%) at 4°C for 10 min in
a shaker, followed by centrifugation at 20.817g at 4°C for 10 min,
and the supernatant was collected. Long bone samples were
macerated in liquid nitrogen prior to their addition to the lysis
solution previously described. Total protein quantification was
determined by the Bradford Method (1976).°% After protein
quantification, 1 pg/puL was transferred to a microtube, and
10 pL of 50mM AMBIC was added to the sample, followed by
25 pL of RapiGest SF 0.2% (Waters Corporation, Milford, MA,
USA) and by incubation at 37°C for 60 min. Then, 2.5 puL of
100 mM DTT was added and the samples were homogenized
and incubated at 37°C for 40 min. After that, 2.5 pL of 300mM
iodoacetamide was added to the samples and incubated for
30 min in RT, in the dark. The proteolytic digestion was per-
formed by 50 ng/pL of trypsin at 37°C overnight and then the
enzyme was blocked with 10 pL 5% trifluoracetic acid (TFA) at
37°Cfor 90 min, and centrifugation of 20.817 g at 6°C for 30 min.
Peptides were purified and desalinated in C18 spin columns,
according to the manufacturer. Fifty micrograms of the peptides
were dried in a speed vacuum and resuspended in 3% acetoni-
trile and 0.1% formic acid and, added to a total recovery vial.®”

Shotgun label-free quantitative proteomic analysis and
acquisition of data nano liquid chromatography
electrospray ionization tandem mass spectrometry

Data acquisition was performed by Xevo G2 QTof mass spec-
trometer coupled to the nanoACQUITY Ultra Performance
Liquid Chromatography (both from Waters, Manchester, UK)
controlled by MassLynx v.4.1 (Waters, Manchester, UK).
Data collection was in data-independent acquisition mode
(LC-MSF), the mass ranges from 50 to 2000 m/z, and assays
were performed exactly as described.*®3% All samples were
analyzed in biological triplicate and technical triplicate, thus
totaling nine analyses for each condition. The proteins were
identified using the software’s ion counting algorithm, and
a search was performed on the Mus musculus database
(revised only, UniProtKB/Swiss-Prot) downloaded in April
2022 from UniProtKB (http: //www.uniprot.org). Maximum
missed cleavages by trypsin allowed up to 1, variable modifi-
cations by oxidation, and a false discovery rate value at a
maximum of 4%.

For the label-free quantitative analysis, ProteinLynx Global
Server (PLGS) version 3.03 (Waters, Manchester, UK) was used
for analyzing nine raw MS files from each group. Proteins identi-
fied with a confidence score higher than 95% were included. The
identical peptides from each duplicate by sample were pooled
according to mass accuracy®” and the retention time tolerance
<0.25 min, using the clustering software included in the PLGS.
Normalization was automatically implemented by the software
(default parameters). The difference in expression between the
groups was analyzed by dependent t-test (p < 0.05). The follow-
ing relevant comparison was performed: 5-LO KO versus WT
osteoblasts.

Bioinformatics analysis

For the in vitro analysis, the proteins were analyzed by their
access number by UniProt and repeated proteins, reverse pro-
teins, and fragments were excluded. Gene ontology was evalu-
ated according to the ClueGo® plugins of the Cytoscape® 3.8.2
Software (https://cytoscape.org/). The functional distribution of
proteins identified with differential expression in the different

I 1138 AMADEU DE OLIVEIRA ET AL.

Journal of Bone and Mineral Research

5U9017 SUOLLILIOD BAER.D 3|eadke aU) Ad PaURAOE 31 B 1L YO 88N J0'SINU O} ARIGITBUIIUO AB]IV\ O (SUOIPUOO-PUB-SLLLBYLIOD' 3| I AeJq]1[pUI U0/ SCY) SUOIPUOD PUE UL | 3U) 805 *[E20Z/60/ET] U0 ARig1TaUIlUO AB1IM ‘112818 - OJned GeS Jo AU Aq 2981 Wi [/Z00T OT/10p/LI0D™ B v AReJcljpuuo" wigse/Sdy WwoJy popeojumod ‘8 '§20Z ‘T8IVEZST


http://www.uniprot.org
https://cytoscape.org/

comparisons was done. Protein categories were based on
Gene Ontology®® annotation of the broad Biological Process,
Molecular Function, Immune System Process, and Cell Com-
ponent. Terms of significance (kappa = 0.04) and distribution
were according to the percentage of the number of associ-
ated genes. The number of accesses to the proteins was
provided by UniProt. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier
PXD037911.

For interaction networks of the in vivo analysis, the database
STRING® (https:/string-db.org/) was used to establish the inter-
action between proteins identified with differential expression
and unique proteins of each group for the comparison of 5-LO
KO x WT mice.

Osteoclast isolation

Primary osteoclast precursors from bone marrow were iso-
lated from 7-day-old 5-LO KO and WT mice. Femurs and tibias
were triturated in HBSS to release the bone marrow, and the
supernatant was centrifuged at 443 g for 10 min at RT. The
pellet was resuspended in 7 mL of fresh HBSS for cell stratifi-
cation with histopaque, followed by centrifugation at 560 g
for 30 min at RT. Monocytes were collected and transferred
to a new tube containing 7 mL of HBSS. Centrifugation at
443 g for 10 min was done and the pellet was resuspended
in 1 mL of complete medium (MEMa plus 10% FBS and 1%
antibiotic) and plated in a 3.5-cm Petri dish for 12 min for
adhesion of unwanted cells. Cells of the monocytic-
macrophagic lineage were maintained with supplementation
of the cytokines macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor kappa-B
ligand (RANKL).“?

Experimental design and treatment of cells with cytokines

For the osteoclastogenesis experiments, 4 x 10° cells/well
were plated for immunostaining with TRAP and bone resorp-
tion assay, in 96-well plates, and 2 x 10° cells/well for qPCR, in
6-well plates. Cells were plated with MEMa culture medium
with 10% FBS, 1% penicillin/streptomycin, and supplemented
with M-CSF at a concentration of 50 ng/mL. After 3 days, the
medium was changed, and RANKL was added at a concentra-
tion of 120 ng/mL. The culture medium was changed every
3 days, and the experiment was evaluated for up to 11 days.

Collection and preparation of conditioned medium

Primary murine osteoblasts from 5-LO KO and WT mice were cul-
tured in an OM and the supernatants were collected at 14 days,
centrifuged at 393 g for 10 min at 4°C, transferred to a new tube,
and stored at —80°C for further osteoclastogenic assays. For the
experiments, conditioned medium (CM) was used in a ratio of 1:
1; ie, 50% of CM and 50% of fresh OM.

TRAP assay

To perform the TRAP assay, primary cells of the monocytic-
macrophagic lineage were fixed with 10% formalin for 10 min
at RT and then washed with PBS. After that, 100 pL of the
solution containing sodium nitrate, fast garnet, Naaptol
phosphoric acid solution, acetate, tartrate, and deionized
water was added, according to the manufacturer’s instructions

(Sigma-Aldrich; #387A). The plates were coated with aluminum
foil to protect them from light and incubated at 37°C for
60 min at RT. Then, the cells were washed with deionized
water and kept dry for image acquisition under an inverted
microscope.“?

Bone resorption assay

Cells of the monocytic-macrophagic lineage were cultured in
96-well plates on bone slices and maintained for up to 11 days
with supplementation of 50 ng/mL of M-CSF and 120 ng/mL of
RANKL. After the experimental period, the bone slices were
washed with PBS buffer solution. Then, the cells were vigorously
removed with a cotton swab, rubbing it on the surface of the
bone slide, thus removing the adhered cells. After removing
the osteoclasts, the bone slides were transferred to the tube,
then washed with water, and then stained with 1% toluidine blue
dye in water (pH 4.5), shaking the tube for 30 s. Bone slices were
rinsed three times with deionized water and after that, the sam-
ples were dried with absorbent paper. Afterward, the bone slices
were transferred to a glass slide for image acquisition under an
optical microscope.*®

Results

Characterization of the bone phenotype in 5-LO-
deficient mice

pCT (Fig. 1A,C-M) and histological analysis (Fig. 1B) revealed the
bone profile of mice lacking 5-LO. pCT analysis of femurs in
female and male 5-LO KO mice showed increased TV (Fig. 10),
TV of the medullary area (Fig. 1F), and volume density of the
medullary region (Fig. 1G). The cortical bone parameters showed
increased BV/TV (Fig. 1D) and no differences were found in the
TV of cortical bone between 5-LO KO and WT mice (Fig. 1E).
The BV of trabecular bone and the BS/TV was not statistically sig-
nificant in 5-LO KO related to WT mice (Fig. 1H,J). Trabecular
bone volume (BV/TV), trabecular number (Tb.N), and trabecular
thickness (Tb.Th) were decreased in female 5-LO KO but not in
male 5-LO KO when compared to WT mice (Fig. 1/,K,L). In addi-
tion, the trabecular separation (Tb.Sp) was increased in female
and male 5-LO KO mice when compared to WT mice (Fig. 1M).
In summary, 5-LO absence increases the cortical bone and
medullary region in both females and males and decreases
trabecular bone in females, but not males.

Bone parameters and hematoxylin and eosin (H&E) staining of
the fifth lumbar vertebra were evaluated (Fig. 2A-K). uCT analysis
of female 5 LO-KO showed less BV, BV/TV (Fig. 2D,E), and
increased BS/TV and BS/BV, when compared to female WT mice
(Fig. 2G,H). TV and BS from both 5-LO KO and WT females was
similar (Fig. 2C,F). Trabecular number (Tb.N) and trabecular
separation (Tb.Sp) in female 5-LO KO was higher (Fig. 2/,K), and
trabecular thickness (Tb.Th) was lower when compared to the
control WT (Fig. 2J).

Localization of TNAP, OPN, and TRAP by immunohistochemis-
try analysis revealed higher expression and number of TNAP*
osteoblasts in both female and male 5-LO KO mice (Fig. 3A,CF).
Higher levels of OPN but not statistically significant OPN™ osteo-
blasts/osteocytes number in 5-LO KO females was observed,
whereas males presented higher expression and a higher num-
ber of OPN™ cells (Fig. 3A,D,G). Lower expression and number
of TRAP* osteoclasts in 5-LO KO femurs were seen when com-
pared to WT mice (Fig. 3B,EH). This result was confirmed by
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immunofluorescence quantitative analysis of OPN and TRAP compared to WT mice (Fig. S1E). The expression of TRAP was
of the femur’s growth plate (Fig. S1TA-F). OPN levels in femurs lower in female and male 5-LO KO in comparison to WT mice
were higher in both female and male 5-LO KO mice when (Fig. S1F).
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Fig. 1. pCT analysis and H&E staining of the femur from 5-LO KO and WT mice. (A) 2D pCT images and (B) H&E staining of femurs from 8-week-old females
(n = 10) and males (n = 10) of 5-LO KO and WT mice. pCT analysis of bone parameters in the femurs shows (C) tissue volume (TV), (D) cortical bone volume
fraction (Ct.BV/TV), (E) TV of cortical bone (Ct.TV), (F) TV of the medullary area, (G) volume density of the medullary region, (H) bone volume (BV) of trabecular
bone, (/) Trabecular bone volume (BV/TV), (J) bone surface area per total volume (BS/TV), (K) trabecular number (Th.N), (L) trabecular thickness (Tb.Th), and (M)
trabecular separation (Tb.Sp). Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. Differences were statis-
tically significant at *p < 0.05.
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5-LO absence decreases the proliferation and enhances
osteoblasts differentiation and mineralization in vitro

We examined the role of endogenous leukotrienes on osteoblast
proliferation, differentiation, and mineralization. Primary osteoblasts
isolated from WT and 5-LO KO mice calvaria were cultured in an OM
and an 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT) proliferation assay was performed on days 1, 2, and 4 of oste-
oblast culture. The results showed the osteoblast proliferation rate
was significantly decreased at all three time points in the 5-LO KO
compared to the WT mice, p < 0.001 (Fig. 4A). Additionally, we per-
formed flow cytometry-carboxyfluorescein succinimidyl ester
(CFSE)-based cell proliferation assay on days 2 and 4 of WT and
5-LO KO osteoblast culture, and the results showed osteoblast pro-
liferation was lower on days 2 and 4 of 5-LO KO compared to the WT
osteoblasts (Fig. 4B).

The ALP activity assay was performed on days 4, 7, 10, and
14 of primary osteoblasts collected from WT and 5-LO KO mice
calvaria and cultured in an OM. Results showed ALP activity is
higher in all four time points of osteoblasts cultured from 5-LO
KO compared to the WT mice (Fig. 40).

Additionally, we studied the effect of 5-LO and LTs on osteo-
blast mineralization. Thus, osteoblasts from WT and 5-LO KO
mice were cultured for 14 and 21 days in an OM, and Alizarin
red staining was performed. Results showed the mineralization
rate was higher in 5-LO KO compared to WT mice, in both time
points (Fig. 4D). Also, we cultured primary osteoblasts from
5-LO KO mice in an OM with exogenous leukotrienes such as
LTB, and LTD, for 21 days and performed a mineralization
assay and the results showed both, LTB, and LTD, treatment
significantly decreased the mineralization in 5-LO KO when
compared to untreated 5-LO KO cells, and that LTB, was more
effective in reducing the mineralization than LTD, (Fig. 4E).

Furthermore, osteoblasts from WT mice were cultured in
an OM for 21 days with exogenous leukotrienes such as
LTB, and LTD, and their inhibitors, MK886 and MK591,
respectively. Also, LTB, receptor antagonists were used such
as CP-105696 and U75302, and the combination of U75302 +
exogenous LTB,, LTD, receptor antagonist MK571, and

MK571 + exogenous LTD,. Mineralization assay results
showed exogenous LTB, and LTD, treatments significantly
decreased the mineralization compared to the untreated
osteoblasts, whereas the LT inhibitors MK886 and MK591 treat-
ments, and the LTB,; antagonists CP-105696, and U75302
increased the mineralization, and U75302 + exogenous LTB,
treatment did not show increased mineralization. Neither
MK571 treatment nor MK571 4+ exogenous LTD, increased
the mineralization when compared to untreated cells (Fig. S2).

Gene expression of Alox5 (gene encoding 5-LO) and osteo-
genic markers was performed by qPCR. Results demonstrated
that Alox5 is highly expressed during the differentiation of WT
osteoblasts, within 10 and 14 days of culture when compared
to day 0. Even though Alox5 had a higher expression on days
10 and 14 of osteoblast differentiation, there were detectable
levels of Alox5 expression on all studied time points (Fig. 5A).
Alkaline phosphatase (Alpl) gene expression in the WT and
5-LO KO mice osteoblasts from 0 up to 14 days of culture showed
increased Alpl in all time points in 5-LO KO compared to WT oste-
oblasts culture (Fig. 5B). The transcription factors Runt-related
transcription factor 2 (Runx2) and Sp7, also called Osterix,*"
were slightly modulated in 5-LO KO osteoblasts, showing down-
regulation of Runx2 within 2 days and upregulation of Sp7
within 7 and 14 days of culture, compared to WT osteoblasts
(Fig. 5C,D). Results from gPCR analysis of Bglap showed osteocal-
cin messenger RNA (mRNA) expression was higher in early time
points (days 0, 2, and 4), and later time points (days 10 and 14)
of 5-LO KO compared to WT osteoblasts (Fig. 5E). Tnfsf11 (encod-
ing RANKL) normalized by OPG was overexpressed in 5-LO KO
cells at all time points related to the control WT osteoblasts
(Fig. 5F). The gene expression analysis of the matrix metallopro-
teinases MMP-2 and MMP-9 showed overexpression in 5-LO KO
mice osteoblasts on 0, 7, and 14 days for MMP-2, and 4 and
7 days for the MMP-9 gene when compared to WT osteoblasts
(Fig. 5G,H). Most of the osteogenic factor expression was upregu-
lated in 5-LO KO mice in almost all the time points of osteoblasts
differentiation despite Alox5 expression being higher only on
the 10th and 14th days of osteoblast differentiation. These results
demonstrated that LTs affect osteoblastic gene expression in a
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complex manner. Taken together, these results indicate the possi- indicating the antagonist role of endogenous LTs signaling in
ble paracrine actions of endogenous leukotrienes on osteoblasts. osteoblast-mediated bone formation.
We demonstrated that the absence of 5-LO decreased the prolifer- Also, we evaluated the regulation of exogenous LTB, and its
ation and increased osteoblast differentiation and mineralization, antagonist U75302 by qPCR analysis for collagen type 1a
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Fig. 2. pCT analysis and H&E staining of the vertebra from 5-LO KO and WT mice. (A) 2D pCT images and (B) H&E staining of vertebrae from 8-week-old
females and males of 5-LO KO and WT mice. Bone parameters of the fifth lumbar vertebra: (C) tissue volume (TV), (D) bone volume (BV), (E) trabecular bone
volume (BV/TV), (F) trabecular bone surface (BS), (G) bone surface area per total volume (BS/TV), (H) bone surface per bone volume (BS/BV), (/) trabecular
number (Th.N), (J) trabecular thickness (Tb.Th), (K) trabecular separation (Tb.Sp). Statistical analysis was performed by one-way ANOVA followed by Tukey's
multiple comparison test. Differences were statistically significant at *p < 0.05.
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(Colata), Runx2, Sp7, Tnfsf11, MMP-2, and MMP-9 from 5-LO KO
and WT osteoblasts. Collagen 1a expression was decreased in the
5-LO KO osteoblasts compared to WT osteoblasts cultured for
4 days. The treatment with LTB,; or U75302 did not modulate
the Colala expression. Collagen 1a expression was lower in
14 days of osteoblast culture and there were no differences
between 5-LO KO and WT cells nor the treated group (Fig. S3A).
Runx2 expression was higher only in U75302-treated 4 days cul-
tured WT osteoblasts compared to all other treatments. At 14 days
of culture, Runx2 expression was downregulated by the exoge-
nous LTB,; treatment in WT cells and U75302 increased Runx2
expression in osteoblasts from 5-LO KO compared to LTB, treated
5-LO KO osteoblasts. Runx2 expression was decreased in 5-LO KO
cells treated with U75302 antagonist within 4 days but increased
after 14 days of culture when compared to WT cells (Fig. S3B).

Results showed early osteoblasts marker Sp7 expression was
higher in 4 days of culture from 5-LO KO osteoblasts compared
to WT osteoblasts. The treatment with LTB, downregulated the
Sp7 expression in 5-LO KO osteoblasts but not in WT cells. LTB,
receptor antagonist U75302 rescued the effect in 5-LO KO cells.
At 14 days of osteoblast culture, Sp7 expression was almost
undetectable in cells of any of the treatments (Fig. S3C). Tnfsf11
expression was higher in 5-LO KO osteoblasts than WT cells and,
LTB, treatment downregulated the Tnfsf11 expression in 5-LO
KO cells at 4 and 14 days of culture. Exogenous LTB, treatment
overexpressed Tnfsf11 in WT cells within 14 days (Fig. S3D).
MMP2 expression was not modulated in osteoblasts cultured
for 4 days, whereas it was increased in the 5-LO KO osteoblasts
in relation to WT osteoblasts cultured for 14 days (Fig. S3E). The
MMP-9 expression in 5-LO KO osteoblasts was higher at 4 days
but lower within 14 days when compared to WT cells. LTB, and
U75302 treatments did not modulate the MMP-9 gene expres-
sion (Fig. S3F). Results demonstrated that LTs affect osteoblastic
gene expression in a complex manner.

Effects of endogenous and exogenous LTs on second
messengers in osteoblastogenesis

We examined intracellular calcium (;Ca®") and cAMP levels in
osteoblasts. We cultured osteoblasts from 5-LO KO and WT mice

for 7 days and 14 days under an osteogenic culture medium
with or without exogenous LTB, and LTD,. Results demonstrated
that intracellular calcium levels were higher in 5-LO KO osteo-
blasts compared to WT osteoblasts cultured for 7 days and
14 days. Intracellular calcium levels were lower in LTB,-treated
5-LO KO and WT osteoblasts related to untreated cells, and lower
in LTD,4-treated 5-LO KO cells when compared to untreated 5-LO
KO cells within 14 days of culture (Fig. S4A).

Results demonstrated that cAMP was not regulated in 5-LO
KO and WT osteoblasts cultured for 7 days, whereas at day
14, the intracellular cAMP levels were decreased in 5-LO
KO osteoblasts when compared to WT osteoblasts. The
exogenous LTB, and LTD, treatment did not modulate both
5-LO KO and WT osteoblasts. cAMP levels were lower in
LTD4-treated 5-LO KO cells than in LTB4-treated 5-LO KO oste-
oblasts (Fig. S4B).

5-LO absence affects eicosanoids production in
osteoblasts

The eicosanoid quantification in 5-LO KO and WT osteoblasts
was examined by mass spectrometry (Table S2). Cells from
5-LO KO and WT mice were cultured for 7 days and 14 days in
the OM and the production of the eicosanoids in osteoblasts
was measured. Results demonstrated that the 11-HETE level
was higherin 7 days and 14 days of cultured 5-LO KO osteoblasts
compared to WT osteoblasts (Fig. 6A). The 15-HETE level was
undetectable in 7 days in WT osteoblasts but it was highly
expressed in 7 days in 5-LO KO osteoblasts, and it was higher
in 14 days of culture of 5-LO KO osteoblasts compared to 14 days
of WT osteoblasts (Fig. 6B). 15-Keto-PGE2 production was higher
in 5-LO KO osteoblasts than in WT cells in both periods. The
15-keto-PGE2 level was undetectable at 7 days and 14 days in
WT osteoblasts (Fig. 6C).

6-Keto-PGF1a level was not modulated in 7 days in 5-LO KO
and WT osteoblasts but it was higher at 14 days of cultured
5-LO KO osteoblasts when compared to 14 days of WT osteo-
blasts (Fig. 6D). The AA level was higher in cultured 5-LO KO oste-
oblasts at 7 days than in 14 days of WT osteoblasts and it was not
modulated in 14 days of culture (Fig. 6E). Eicosapentaenoic acid
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Fig. 3. Visualization of tissue nonspecific alkaline phosphatase (TNAP), osteopontin (OPN), and tartrate-resistant acid phosphatase (TRAP) in femurs of
5-LO KO and WT mice by immunohistochemistry. (A) TNAP and OPN IHC show higher expression and (B) TRAP IHC shows impaired expression in 5-LO
KO versus WT mice. Counterstaining was performed using Mayer Hematoxylin. Scanning of the tissue sections was done by the Aperio AT2 system
(Leica Biosystems of Leica Microsystems Inc., Buffalo Grove, IL, USA). (C-E) Immunohistochemistry (IHC) quantification for TNAP, OPN, and TRAP shown
as the number of strong positive staining intensity, measured using Aperio Image Scope v. 12.3.3 (Leica Biosystems). (F-H) Represents quantification of
the number of TNAP* osteoblasts, OPN ™" osteoblasts/osteocytes, and TRAP* osteoclasts, respectively, in the femur's growth plate of 5-LO KO versus

WT mice at magnification x20 using ImageJ software (National Institutes of Health, NIH, Bethesda, MD, USA).

(EPA) production was higher in 7 days and 14 days of cultured
5-LO KO osteoblasts compared to WT osteoblasts (Fig. 6F). LTB,
production in WT osteoblasts was higher in 14 days when com-
pared to 7 days of culture. The level of LTB, in 5-LO KO osteo-
blasts was undetectable (Fig. 6G). Prostaglandins PGA,, PGB,,
PGE,, and PGF2a levels were not modulated in 7 days but they
were higher in 14 days in 5-LO KO osteoblasts compared to WT
osteoblasts (Fig. 6H-K). TXB2 level was not modulated in 7 days
but it was lower in 14 days of cultured 5-LO KO osteoblasts when
compared to WT osteoblasts (Fig. 6L).

Proteomic analysis

Fifty micrograms of protein were recovered from 5-LO KO and
WT osteoblasts. A total of 124 proteins were identified, consid-
ering all groups. In the comparison between 5-LO KO versus

WT, the total number of proteins identified was 120 and
81, respectively, among which 77 proteins were common to
both groups, such as Serum albumin and Beta-enolase. Forty-
three proteins were identified exclusively in the 5-LO KO, such
as Galectin-1, Galectin-3, Filamin-A, Peroxiredoxin-4, Prosaposin,
Polyubiquitin-B, Polyubiquitin-C, and 20 isoforms of Histone,
while four proteins were uniquely identified in the WT, such
as Alpha-internexin, Neurofilament heavy polypeptide, Neurofi-
lament light polypeptide, and Neurofilament medium polypep-
tide (Fig. 7A, Table S3). In the differentially expressed
proteins, only downregulated proteins were identified with
75 proteins decreased in the 5-LO KO osteoblasts.
Among the downregulated proteins in 5-LO KO osteoblasts
are Peroxiredoxin-1 (five-fold decreased), Desmin (four-fold
decreased), Fibronectin, Elongation factor 1-alpha 2, 12 isoforms
of Histone, and Tubulin, among others (Fig. 7B, Table S3).
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Fig. 4. Effect of leukotrienes on osteoblasts’ proliferation, differentiation, and mineralization. Primary osteoblasts from calvaria isolated from 5-LO KO and
WT mice were cultured in an osteogenic medium (OM). (A) MTT assay was performed on days 1, 2, and 4 of osteoblast culture. Experiments were done in
triplicate (n = 8/group/experiment). (B) Proliferation profile of 5-LO KO and WT osteoblasts by flow cytometry. Cells were labeled with 10pM of CFSE and
immediately acquired using the flow cytometer FACS Calibur (BD Biosciences, San Jose, CA, USA). Data were presented as a percentage (%) of cell growth.
Results of three independent experiments (n = 3/group/experiment). (C) Alkaline phosphatase (ALP) activity assay was performed on days 4, 7, 10, and 14.
Results represent the mean of the enzyme activity in pmol of para-Nitrophenol (p-NP)/minute by the amount of total protein in mg + SD. Representation
of three independent experiments (n = 5/group/experiment). (D) Mineralization assay at 14 and 21 days by alizarin red. Images and calcium deposition
quantification in the comparison between 5-LO KO versus WT osteoblasts. Triplicates. (n = 6/group/experiment). (E) Images and quantification of alizarin
red staining from osteoblasts treated with exogenous LTB,4 (1 x 1078M), LTD, (1 x 10~8M), or vehicle (control). Representation of three independent
experiments (n = 6 group/experiment). Statistical analysis was performed by unpaired Student's t test or by one-way ANOVA followed by Tukey’s multiple
comparison test (*p < 0.05, **p < 0.01, ***p < 0.001).

In Fig. 7C we show the functional analysis according to the
biological process, cellular component, molecular function,
and immune system process by Gene Ontologies with the

most significant term, for the comparison between 5-LO KO
versus WT osteoblasts. Among them, the categories with the
most percentages of genes were a structural constituent of the
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Fig. 6. Quantitative analysis of eicosanoid production in osteoblasts from 5-LO KO and WT mice. Cells were stimulated with 3uM calcium ionophore, and
after 7 and 14 days of culture, samples were acquired using a mass spectrometer. Main quantified eicosanoids: (A) 11-HETE (11-hydroxyeicosatetraenoic
acid); (B) 15-HETE (15-hydroxyeicosatetraenoic acid); (C) 15-keto PGE2 (15-keto prostaglandin E2); (D) 6-Keto PGF 1 « (6-keto prostaglandin F1a); (E) AA
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were statistically significant at *p < 0.05.

cytoskeleton (23.68%), nucleosome (68.4%), major histocompati-
bility complex (MHC) class | protein binding (18.75%), and peptide
antigen assembly with MHC class | protein complex (100%) for
biological process, cellular component, molecular function,
and immune system process, respectively.

Proteomic analysis of long bones from females 5-LO KO and WT
was also performed. A total of 75 proteins were identified, among
which eight proteins were common to 5-LO KO and WT groups,
such as AP-1 complex subunit mu-1 and Protein patched homolog
2, and they were differentially upregulated and downregulated,
respectively, in 5-LO KO long bones. Fifty-six proteins identified
were unique to 5-LO KO mice, such as Carbonic anhydrase 1, and

19 proteins were exclusive to WT mice, such as the Interleukin-9
receptor (Fig. S5A, Table S4). Fig. S5B shows the interaction networks
between upregulated, downregulated, and unique proteins identi-
fied in 5-LO KO and WT groups in the in vivo analysis for the follow-
ing comparison: 5-LO KO versus WT. Results showed functional
analysis related to mesenchyme migration, cellular component
organization, and muscle cell cellular homeostasis (Fig. S5B).

Absence of 5-LO affects osteoclastogenesis

Bone marrow-derived monocytes from 5-LO KO and WT mice
were cultured in an osteoclast differentiation medium. After
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Fig. 7. Functional characterization and network of proteins identified in the proteomic analysis of osteoblasts from 5-LO KO and WT mice after 14 days of
culture under an osteogenic medium. (A) Venn diagram showing the relation of the proteins identified in common between the groups, as well as the
number of proteins identified exclusively in each of the groups. Comparison 5-LO KO versus WT, 43 unique proteins in the 5-LO KO, four unique proteins
in the WT, and 77 proteins in common between the groups. (B) Subnetworks created by ClusterMarker® to establish the interaction between proteins
identified with differential expression in the 5-LO KO osteoblasts versus WT cohort. The color of the nodes indicates the differential expression of the
respectively named protein with its access code. The dark green nodes indicate proteins unique to the 5-LO KO osteoblasts. The light red nodes indicate
the downregulation of proteins in 5-LO KO osteoblasts. The nodes in gray indicate the interaction proteins that are offered by CYTOSCAPE®, which were
not identified in the present study. The identified proteins in this network are described in the supplemental material (Fig. S7). (C) Functional analysis of
the distribution of proteins identified with differential expression in the 5-LO KO versus WT. Protein categories based on Gene Ontology (GO) annotation
of the broad Biological Process, Cell Component, Molecular Function, and Immune System Process. Terms of significance (kappa = 0.04) and distribution
according to the percentage of the number of associated genes. The number of accesses to proteins was provided by UniProt. The gene ontology was
evaluated according to the ClueGo® plugins of the software Cytoscape® 3.7.2.

11 days of culture, we observed matured osteoclasts only on
WT cells but not in 5-LO KO. In fact, different cell phenotypes
(clumps of precursors) were observed in 5-LO KO culture
(Fig. S6). Next, we cultured monocytes for 11 days from
5-LO KO and WT mice under osteoclast differentiation
medium in the presence of the CM from 5-LO KO or WT

osteoblasts (cultured for 14 days). TRAP staining and bone
resorption assay*? was performed to calculate mature oste-
oclasts and TRAP-positive osteoclasts precursors as well as
the osteoclast function. Results clearly showed that WT cul-
ture presented matured multinucleated osteoclasts and
areas of bone resorption (Fig. 8A,D), whereas 5-LO KO mice
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Fig. 8. Effect of endogenous LTs in osteoclastogenesis. Morphology and quantification of TRAP activity, bone resorption assay (PIT), and gene expression
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or treated with (H) conditioned medium from WT or (/) 5-LO KO osteoblasts. (J-L) PIT assay in WT cells, (J) untreated or treated with (K) conditioned
medium from WT or (L) 5-LO KO osteoblasts. (M-T) Gene expression of bone and inflammatory markers. Statistical analysis was performed by the unpaired

Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

culture hardly had any matured osteoclasts but with the
presence of TRAP-positive immature preosteoclasts and
impaired bone resorption (Fig. 8G,J).

TRAP staining results demonstrated that the treatment with
the conditioned medium from 5-LO KO and WT osteoblasts
decreased the number of TRAP" cells and inhibited osteoclast
differentiation in both 5-LO KO and WT bone marrow-derived
monocytes culture (Fig. S7A,B; Fig. 8B,C,H,). The osteoblast-
conditioned medium from both 5-LO KO and WT mice impaired
bone resorption by osteoclasts (Fig. 8E,F,K,L).

Gene expression of osteoclast markers from bone marrow-
derived monocytes of 5-LO KO and WT mice after 11 days under
osteoclast differentiation medium was evaluated. Results from
the comparison between 5-LO KO versus WT cells showed the
Acp5, c-Fos, Tnfsf11, IL-1b, IL-6, Tnfa, Tm7sf4, Sost, and BLT1
expression was lower in 5-LO KO cells (Fig. 8M,N,P,R-T; Fig. S8A-C)
and Zscan10, Opg, and Ctsk expression were higher in 5-LO KO

cells when compared to WT osteoclasts (Fig. 80,Q; Fig. S8J).
There were no differences in the gene expression of BLT2 and
CysLT1 receptors, Nfatc1, Atf1, Atf2, and Stat3 (Fig. S8D-/). In
addition, the gene Alox5 was undetectable in 5-LO KO bone
marrow—derived monocytes whereas in WT cells it was
expressed after 11 days of culture (Fig. S8K).

The treatment with exogenous LTB,4 and its receptor antag-
onist U75302 in the gene expression of bone marrow-derived
WT monocytes under osteoclast differentiation medium was
evaluated. Results showed that LTB, treatment upregulated
Acp5, Nfatc1, Ctsk, IL-1b, and IL-6 expression, but not Tnfa
when compared to untreated cells (Fig. S9A-F), and the
U75302 treatment downregulated the expression of Acp5,
IL-6, IL-1b, and Tnfa when compared to LTB,-treated cells
(Fig. S9A,D-F). In addition, the U75302 antagonist did not reg-
ulate Nfatc1 and Ctsk when compared to the LTB, treatment.
(Fig. S9B,Q).
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Discussion

It is known that the production of LTs is stimulated in inflammatory
diseases such as RA,“*** osteoarthritis, """ and periodontitis,*2%
and they participate in bone remodeling, acting mainly in the bone
resorption process. The importance of our study is based on the fact
that a large part of the world population is affected by chronic
inflammation-related diseases, such as ischemic heart disease,
stroke, cancer, diabetes mellitus, chronic kidney disease (CKD),
and autoimmune and neurodegenerative conditions,*® and the
skeletal tissue is vastly affected in those conditions. Understanding
the role of LTs in bone metabolism may help in the development of
therapeutic strategies concerning the use of LT inhibitors and/or LT
receptor antagonists, thus reducing the severity of these diseases
and mitigating their symptoms and effects. Our study demon-
strated that the 5-LO-deficient mice bone phenotype presents
intrinsic differences with respect to WT control mice.

Studies indicated that pharmacological inhibition of 5-L0,“”
as well as 5-LO KO, animals show accelerated fracture healing
and bone repair when compared to WT animals.®®*" Histologi-
cal sections in a recent study revealed that 5-LO KO mice pre-
sented thicker cortical bone in endochondral bones such as the
femur and vertebra in comparison to WT mice.®? Our findings
corroborate with these results, showing an increased cortical
bone but a larger medullary region in 5-LO-deficient mice as
shown in pCT analysis. Interestingly, TNAP and OPN were highly
expressed and the number of TNAP-positive and OPN-positive
osteoblasts was also higher in the femurs of 5-LO KO mice, but
TRAP was expressed lowly; they also had lower numbers of
TRAP™ cells and poor osteoclast localization due to a lack of
mature osteoclasts in the femur of female 5-LO KO mice when
compared to WT mice by IHC analysis of tissue sections. These
in vivo results corroborate our in vitro studies on osteoclastogen-
esis in which 5-LO KO osteoclast precursors did not differentiate
into mature osteoclasts.

Importantly, sex differences were identified in our study.
Although males and females presented increased cortical bone
in the 5-LO KO model, only females had a decreased trabecular
bone in comparison with WT littermates. These differences could
be explained as due to sex hormones and their relation to LTs
biosynthesis and its inhibition. The literature revealed that
females are more likely to have 5-LO/5-LO-activating protein
(FLAP) complex assembly at the nuclear membrane than males
and that male hormones can inhibit the formation of this 5-LO/
FLAP complex.®*>* Another fact is that females could be more
susceptible to the development of inflammatory chronic disor-
ders or autoimmune diseases than males.®> Therefore, the
underlying mechanism of these sex-specific effects should be
further examined.

This bone structural variation in 5-LO-deficient mice led us to
investigate the molecular and functional analysis in vitro, revealing
the contribution of these inflammatory mediators in bone homeo-
stasis by affecting osteoblastogenesis and osteoclastogenesis.

The absence of LTs in 5-LO KO animals showed greater poten-
tial for osteoblast differentiation and mineralization evidenced by
increased ALP activity, a marker of bone formation, and by depo-
sition of calcium in the bone matrix. LT-mediated regulation was
further confirmed by the treatment with exogenous LTB, and
LTD,, LT inhibitors, and their antagonists. Results showed LT treat-
ment decreased mineralized calcium nodules, whereas the addi-
tion of LT inhibitors and their antagonists recovered and/or
stimulated the mineralization potential of these cells. Further-
more, 5-LO KO osteoblasts treated exogenously with both LTB,

and LTD, for 21 days under osteogenic conditions presented
lower mineralization when compared to untreated 5-LO KO oste-
oblasts, suggesting that the 5-LO KO mice bone profile is due to
the lack of LT production.

The gene expression analysis revealed higher expression of
Alox5 during the WT osteoblast differentiation, and bone forma-
tion markers such as Alpl, Bglap, Sp7, and MMP2 were highly
expressed in 5-LO KO osteoblasts. Studies demonstrated that
inactivating mutations in the MMP2 gene cause autosomal
recessive osteolysis/arthritis syndrome, multicentric osteolysis
with arthritis (MOA; MIM #605156) and that the lack of MMP2
decreases bone mineralization.®® Interestingly, Tnfsf11 was
overexpressed in 5-LO KO osteoblasts, perhaps due to compen-
satory mechanisms. Even though Tnfsf11 was highly expressed
in osteoblasts lacking 5-LO, this phenomenon was not correlated
to the osteoclast differentiation, which was completely impaired
in 5-LO KO mice.

Relatedly, osteogenic markers are upregulated in osteoblasts
from 5-LO-KO mice not only on day 10 or 14 but also on almost
all time points compared to the osteoblasts from WT mice. These
results indicated that LTs are functionally active and might have
direct or indirect effects throughout the osteoblast differentia-
tion. However, further studies are needed to completely under-
stand the dynamics of LT signaling during bone remodeling
and their mechanisms of action regulating expression of osteo-
genic factors.

Regarding second messenger cell signaling, the literature
demonstrated that intracellular calcium and cAMP are differen-
tially involved in osteogenesis. Although increased calcium
levels in osteoblasts induce osteoblast proliferation, differentia-
tion, and mineralization,®”*® cAMP inhibits mineralization and
promotes an osteoclastogenic phenotype in osteoblasts.*® In
this work, 5-LO KO osteoblasts showed higher levels of calcium
and lower levels of cAMP compared to WT osteoblasts during cell
differentiation, further demonstrating that 5-LO absence is
related to a higher osteogenic profile.

We performed proteomic analysis to elucidate possible mecha-
nisms that could explain the differences observed in the bone pro-
file and the intracellular mechanisms of 5-LO KO versus WT mice.
All identified proteins and networks are available in the supple-
mental material (Tables S3 and S4). Thus, some proteins with
higher differential expression, such as actin, in its various isoforms,
followed by annexin, and peroxiredoxin-1, were decreased by
more than two-fold in 5-LO KO osteoblasts. Actin (P60710/
P63260- UniProt), is present in the cytoskeleton composition and
interacts selectively with adenosine triphosphate (ATP) participat-
ing in energy metabolism. Annexin (P07356-UniProt) has an
important role as a regulator of the inflammatory process present-
ing binding properties of cytoskeleton proteins and calcium-
dependent phospholipids. In addition, Annexin is a potent inhibi-
tor of phospholipase A2 activity.®” In the bone context, some
annexin isoforms can bind to bone sialoprotein and are also
related to the development of osteoclasts. Peroxiredoxin-1
(P35700-UniProt) plays an important role in cellular protection
against oxidative stress by detoxifying peroxides and as a sensor
of signaling events mediated by hydrogen peroxide." It is also
involved in the signaling cascades of growth factors and tumor
necrosis factor (TNF)-alpha, regulating intracellular concentrations
of H202.

The downregulation of proteins related to ATP metabolism in
5-LO KO osteoblasts, such as Heat shock 70-kDa protein 1-like
(P16627-UniProt), ATP synthase (P56480-Uniprot), and enolases,
in their subunits (P17182-Uniprot), indicate a decreased energy
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flow in these animals (5-LO KO), which may decrease the
oxidative stress. It is known that at low concentrations, the
ATP molecule increases bone mineralization.® In 5-LO KO
osteoblasts, the downregulation of various proteins related to
energy metabolism was observed, which could be one of the
reasons for the potential increase in mineralization evidenced
in animals lacking 5-LO.

Interestingly, cofilins 1/2 (P18760/45591-UniProt) were
downregulated in 5-LO KO osteoblasts. These proteins are
involved in the depolymerization of actin filaments. A study
showed that inhibition of actin depolymerization increases
osteoblast differentiation and bone formation.®®® A large class
of histones with several subtypes was downregulated in 5-LO
KO osteoblasts. Epigenetic studies revealed a relationship
between histones methylation processes and osteogenic
differentiation, in which high levels of H3K27me3 in the bone
morphogenic protein 2 (BMP-2) promoter region are related to
the inhibition of osteogenic phenotypes.®® In addition, most
of the proteins identified were unique to 5-LO KO osteoblasts,
whereas few were unique to WT cells. Interestingly, prosaposin
(Q61207-Uniprot), is known as a precursor for the cleavage of
saposins A, B, C, and D, and this protein was found exclusively
in 5-LO KO osteoblasts. Saposin-D is a specific sphingomyelin
phosphodiesterase” activator. A study has shown that sphin-
gomyelin phosphodiesterase 3 (Smpd3) is a key regulator of
skeletal development.*"

In vivo proteomic analysis revealed the AP-1 complex subunit
mu-1, which is a vesicular transport adaptor protein localized in
the trans-Golgi network (TGN) and endosomes, that regulates
the recruitment of clathrin to membranes and the recognition of
sorting signals within the cytosolic tails of transmembrane cargo
molecules (Uniprot # P35585). The various members of the AP-1
complex are differentially expressed during bone remodeling.®”
Here, we showed that the AP-1 complex was upregulated in long
bones from 5-LO KO mice. It is known that matrix vesicles (MVs)
are vesicles that can be released from mineralizing cells, such as
hypertrophic chondrocytes and osteoblasts, harboring the essential
biochemical machinery to induce mineralization.®® Thus, a possible
mechanism that can explain the greater osteogenic profile in 5-LO
KO animals is that the upregulation of AP-1 complex in 5-LO KO
long bones can enhance the intracellular vesicles transport, which
can possibly increase the MVs propagation to the extracellular
matrix (ECM) and consequently increase the bone formation in
mice lacking 5-LO. However, studies to address the osteogenic pro-
file and the involvement of MVs in 5-LO KO mice need to be done.

Another interesting protein identified was Carbonic anhy-
drase 1 (CA1), a member of the carbonic anhydrase family, which
is involved in the process of bone formation and is susceptible to
ankylosing spondylitis, an autoimmune disease characterized by
progressive inflammation in the spine and the sacroiliac joints
resulting in abnormal bone calcification.®” Our results from
the proteomic analysis revealed exclusive identification of CA1
in the long bones of 5-LO KO mice, but not in WT littermates,
emphasizing the importance of proteins related to calcification
in the regulation of 5-LO KO mice.

Interleukin 9 receptor was also identified and is a cytokine
receptor that specifically mediates the biological effects of
interleukin 9 (IL-9), a pleiotropic cytokine, with direct and indi-
rect effects on multiple cell types that influences immune
responses and inflammation.®® IL-9 plays a role in the patho-
genesis of chronic inflammatory diseases including bone dis-
orders such as RA. IL-9 was shown to increase osteoclast
formation and its function in RA conditions.®®® Our proteomic

findings revealed the IL-9 receptor expression exclusive to WT
mice, but not in 5-LO KO mice long bones, emphasizing the
importance of cytokines for bone resorption. Also, the fusion
of mononuclear cells is an important stage during the forma-
tion of osteoclasts. A recent study demonstrated that IL-9 reg-
ulates the fusion process in osteoclast differentiation by
controlling the expression of potassium voltage-gated chan-
nel subfamily A member 3 (KCNA3) and cyclin-dependent
kinase 6 (CDK6).”” Here, we showed that 5-LO KO osteoclasts
precursors presented impaired fusion capacity, and the lack of
IL-9 receptors in those cells may explain this phenomenon.

Several studies demonstrated the role of LTs in bone resorption
mediated by osteoclasts. Here we showed that 5-LO KO cells from
the monocytic-macrophage lineage did not differentiate in giant
and mature osteoclasts, rather they presented a reduced size
and nucleation, reduced fusion capacity, impaired resorption
function, and decreased cytokines levels compared to WT osteo-
clasts. Several bone resorption markers were downregulated in
cells lacking 5-LO, such as Acp5, ¢-FOS, Tnfsf11, Tm7sf4, and Sost.
A recent study demonstrated that the downregulation of scleros-
tin, a potent mineralization inhibitor, promotes bone forma-
tion.”" Inflammatory cytokines such as IL-1b, IL-6, and Tnfa were
downregulated in 5-LO KO cells compared to WT osteoclasts.
These cytokines are known to stimulate the production of RANKL,
and consequently increase osteoclast differentiation.”? On the
contrary, the bone formation marker Opg as well as the Zinc finger
and SCAN domain containing 10 (Zscan 10), a transcription factor
involved in the suppression of osteoclast differentiation,”® were
upregulated in 5-LO-deficient cells.

A study showed that osteoclasts express BLT1, but not BLT2
receptor, in addition to synthesizing LTB,. BLT1-Gai-Rac1
signaling enhances the activation of osteoclasts and the inhi-
bition of BLT1 attenuates the development of diseases related
to bone resorption such as osteoporosis.?? Also, the literature
showed that type 1 cysteinyl leukotriene receptor (cysLTR-1)
but not type 2 cysteinyl leukotriene receptor (cysLTR-2) is
expressed in osteoclast precursors cells and that cysLTR-1
overexpression allowed osteoclast differentiation.”* More-
over, we showed here that the BLT1 receptor was downregu-
lated in 5-LO KO cells, but CysLT1 expression was not
significantly different from WT cells, suggesting the involve-
ment of LTB, in osteoclast differentiation.

In summary, this work demonstrated the involvement of LTs
in the regulation of bone cells. The absence of 5-LO stimulates
bone formation and suppresses bone resorption. Therefore,
the comprehension of the mechanisms in which LTs regulate
osteoblastogenesis and osteoclastogenesis is critical to under-
standing the pathophysiology of inflammatory disorders and
its impact on skeletal tissue to develop novel therapies for
bone-related diseases.
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