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Bone marrow-derived mesenchymal stem cells (BMSCs) are commonly used seed cells, and BMSC-derived
primed cartilage templates have been shown to achieve bone regeneration in bone tissue engineering. Aryl
hydrocarbon receptor (AhR) is a ligand-activated transcription factor involved in various cellular processes
such as osteogenesis and immune regulation. This study investigated the effects of the AhR endogenous
ligand 6-formyl (3,2-b) carbazole (FICZ) on the behavior of BMSCs and cartilage templates as well as the
possible underlying molecular mechanisms. AhR expressions in rat bone marrow and isolated BMSCs
were detected via immunohistochemistry (IHC) and immunofluorescent staining. Alkaline phosphatase
staining and alizarin red staining showed that FICZ treatment enhanced the osteogenic potential of
BMSCs without influencing their proliferation. FICZ was shown to alleviate the LPS-induced inflammatory
cytokines IL-1B, 6 and TNF-a via the quantitative polymerase chain reaction (qPCR). In the chondrogenic
process from BMSCs to primed cartilage templates, the expressions of AhR and its target gene
cytochrome P450 subfamily B member 1 (CYP1B1) were inhibited. However, IHC staining demonstrated
that AhR was still involved in the subcutaneous ossification of cartilage templates. Then, the effects of
FICZ on cartilage templates were investigated. The osteogenic markers were upregulated by FICZ
administration. The RAW 264.7 treated by condition medium of FICZ-treated cartilage templates
exhibited an anti-inflammatory phenotype. Finally, high-throughput sequencing was applied to analyze
the differentially expressed genes (DEGs) in the FICZ-treated cartilage templates. The upregulation of
cytochrome P450 subfamily A member 1 (CYP1Al) and sphingomyelin phosphodiesterase 3 (Smpd3)
were verified by gPCR, which might be the downstream targets of AhR in the cartilage templates
promoting osteogenesis and macrophage polarization. These data implied a beneficial role of FICZ in the
regenerative potentials of both BMSCs and primed cartilage templates. The FICZ/AhR axis might be
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premise of their application in bone regeneration.* However, as
foreign implants, seed cells and materials will contact immune
cells such as macrophages before playing their roles in bone
regeneration. The prognosis of immune responses such as M1
(pro-inflammatory =~ macrophages)/M2  (anti-inflammatory
macrophages) polarization has a significant influence on their
osteogenic potency.* Therefore, the immunoregulatory poten-
tials of BMSCs are an important parameter for bone
regeneration.’

Despite the great progress made in recent years, BMSC-based
bone tissue engineering still faces many challenges due to its
uncertain efficiency. The primary reason is that the implanted

Introduction

Various bone defects are diseases with a high incidence, seri-
ously affecting the health and quality of life of patients and
causing a heavy economic burden on society." Cell-based bone
tissue engineering has become an important method to treat
bone defects and the commonly used seed cells are mainly
various tissue-derived stem cells, especially bone marrow-
derived mesenchymal stem cells (BMSCs).> Their abilities of
proliferation, migration and osteogenic differentiation are the
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BMSCs are often exposed to a detrimental pathological micro-
environment. Hormonal changes, inflammatory cytokines and
metabolic disorders impair the functions of implanted cells,
which results in decreased proliferation, damaged differentia-
tion potential and inhibited immunomodulatory properties.®
Accordingly, pre-treatment of seed cells before implantation to
make them function better is a hot research frontier, such as the

RSC Adv, 2022, 12, 1505-11516 | 11505


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra00622g&domain=pdf&date_stamp=2022-04-12
http://orcid.org/0000-0001-7234-7749
http://orcid.org/0000-0002-6749-4362
http://orcid.org/0000-0001-9616-7283
https://doi.org/10.1039/d2ra00622g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00622g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012018

Open Access Article. Published on 13 April 2022. Downloaded on 2/10/2026 8:37:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

pre-induction of BMSCs into specific cell types to enhance
lineage differentiation and the administration of chemical
reagents to regulate the expression of target genes or pathways.

Our group has been focused on the pre-chondrogenic
induction of BMSCs to repair bone defects, which simulated
endochondral bone development.” BMSCs are induced into
hypertrophic chondrocytes into “primed cartilage templates”
before being implanted in vivo. Plenty of studies demonstrated
that this “developmental engineering” can effectively achieve
bone regeneration including mandible defects.®*** Compared to
direction implantation of BMSCs, the implanted primed carti-
lage templates obtained more new bone areas and higher
alveolar bone height in the repair of periodontal defects.®
Moreover, primed cartilage templates were shown to enhance
the M2/M1 ratio after the implantation subcutaneously.’

Recently, various kinds of natural and synthetic small
molecules targeting specific cellular responses via signaling
cascades were analyzed in stems cell biology and bone tissue
engineering."" Aryl hydrocarbon receptor (AhR) is a basic
helix-loop-helix (bHLH)-PAS (Per-Arnt-Sim domain) protein,
which belongs to a member of the bHLH transcription factor
superfamily. AhR is a ligand-activated transcription factor that
mediates numerous cellular responses.** Once activated, AhR is
translocated to the nucleus and dimerizes with AhR nuclear
translocator (ARNT). Then, the heterodimer can recognize
a consensus XRE binding site (xenobiotic responsive element,
5-GCGTC-3')** and regulate downstream genes, such as
xenobiotic-metabolizing enzymes, including cytochrome P450
subfamily A member 1 (CYP1A1), CYP1B1 and so on, which were
considered as the target or responsive genes.'® The activation of
AhR-dependent transcription could be inhibited by aryl hydro-
carbon receptor repressor (AhRR), which competed with AhR
for its interaction with ARNT, limiting the availability of ARNT
for AhR-ligand binding.""**

The latest studies have revealed that AhR is playing an
essential role in the biological processes of osteogenesis and
immune regulation. In the tibial fracture model, the mineral-
ized callus tissue in the fracture space was visible in wide type
(WT) mice after 2 weeks but not in the AhR knockout mice. In
the 3rd week, micro-CT analysis also showed that the bone
formation of AhR knockout mice was less than that in the WT
mice.” In another study, BMSCs harvested from WT and AhR
knockout mice were conducted for osteogenic differentiation.
One week later, the mRNA expressions of alkaline phosphatase
(ALP) and osteocalcin (OCN) were lower in the AhR knockout
group.” In terms of immune regulation, AhR plays an impor-
tant role in the phenotypic differentiation of immune cells.
Under the stimulation of lipopolysaccharide (LPS), AhR -
depleted macrophages produced more pro-inflammatory cyto-
kines. Under the administration of interleukin (IL) - 4, AhR -
depleted macrophages showed higher arginase activity,
implying AhR would impact the balance of M1/M2 polariza-
tion.”* In another study, T cells were co-cultured with AhR
ligand kynurenine - treated MSCs or non-treated MSCs. The
results showed that the secretion of IL-6 and 17 from T cells co-
cultured with kynurenine - treated MSCs were lower, inhibiting
the activation of the pro-inflammatory helper T cell (Th) 1 and
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17.”> In the latest study, MSCs promoted the polarization of
macrophages towards M2 in the co-culture system, during
which AhR expression was increased. The treatment of MSCs via
AhR antagonist suppressed their capacity to modulate the
macrophage phenotypes, resulting in a significant decrease of
M2 markers.*

As to small molecules acting as AhR ligands, the firstly
identified ones are 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD,
dioxin) and dioxin-like compounds (DLCs), which mediate toxic
effects after binding to AhR. Subsequently, various kinds of
non-DL endogenous ligands have been identified, such as 6-
formyl (3,2-b) carbazole (FICZ), 2-(1-H-indole-3-carbonyl)
thiazole-4-carboxylic acid methyl ester (ITE), tryptophan
metabolites such as kynurenine, which demonstrated func-
tional diversity.>* In a previous study from our group, the AhR
ligand FICZ was observed to enhance the mineralization of
periodontal ligament cells (PDLCs) by activating the Wnt/p-
catenin signal pathway and inhibiting LPS-induced inflamma-
tory cytokines by regulating the phosphorylation of the signal
transducer and the activator of transcription (STAT) 3, while
AhR antagonist StemRegenin 1 (SR1) showed an opposite
result.”

However, the expression alteration of AhR from undifferen-
tiated BMSCs to primed cartilage templates and the effects of
FICZ on regenerative potentials of cartilage templates are
lacking investigations. Concerning the essential role of AhR and
its chemical ligands such as FICZ in osteogenesis and immune
response, it would be of great interest to (i) detect the expression
of AhR in BMSCs and the effects of FICZ on BMSCs, (ii) the
alteration of AhR from BMSCs to cartilage templates, and (iii)
further observe the effects of FICZ in cartilage templates and
molecular mechanisms involved.

Experimental
Rat

Four-week-old male Sprague-Dawley (SD) rats were obtained
from the Hubei Research Centre of Laboratory Animals
(Wuhan, China) and kept under specific pathogen-free (SPF)
conditions. All animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory
Animal of Wuhan University and approved by the Animal Ethics
Committee of the Hospital of Stomatology, Wuhan University.

Isolation and primed chondrogenic induction of BMSCs

Rat BMSCs were isolated from 4-week-old male SD rats through
the whole femur bone marrow adherent culturing. The primed
cartilage templates were prepared using a protocol described
before 9. The cells were resuspended in a maintenance medium
(DMEM containing 10% fetal bovine serum, 100 U ml~" peni-
cillin G and 100 pg ml™' streptomycin, HyClone). In brief,
BMSCs were seeded into gelatin sponges (MS0002, Ethicon) and
then differentiated into cartilage templates in chondrogenic
medium, which contained high-glucose DMEM, 1% FBS, 100 U
ml~" penicillin, 100 pg ml™" streptomycin (HyClone), 50 pg
ml ! ascorbic acid, 100 nM dexamethasone, 100 mM sodium
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pyruvate (Sigma), 1 : 100 insulin-transferrin-selenium (ITS) (BD
bioscience), 10 ng ml~* transforming growth factor beta-2 (TGF-
B2) and 100 ng ml~* bone morphogenetic protein 2 (BMP-2) (R &
D systems).

Subcutaneous implantation

A small incision was made in the back of the rats and a subcu-
taneous pocket was created lateral to each incision. One carti-
lage template was placed in each pocket. Then, the skin was
sutured with 4-0 absorbable ligature. The implants were har-
vested after 4 weeks.

Histological detection

The harvested rat femurs or implants were fixed with 4%
paraformaldehyde and then decalcified in 10% ethylene
diamine tetraacetic acid (EDTA) for six weeks. The tissues were
subsequently processed for paraffin embedding and serial
sections (4 pum) were prepared. Then, the sections were dewaxed
in xylene and rehydrated through a graded ethanol series to
water.

For histological and morphometric analysis, the specimens
were stained with hematoxylin and eosin (HE). For the immu-
nohistochemistry (IHC) staining, antigen retrieval was con-
ducted in the stomach enzyme antigen repair solution for
30 min at 37 °C. Immunostaining was performed by incubating
the sections with anti-AhR (AF6278, 1 : 200, Affinity) at 4 °C
overnight. The slides were then washed with phosphate-
buffered saline (PBS) and incubated with secondary antibody
(anti-rabbit system, Maxim Biotechnology) for 30 min at 37 °C.
Staining was visualized with 3,3-diaminobenzidine and coun-
terstained with hematoxylin.

Immunofluorescent staining

BMSCs at the third passage were seeded in a cell dish (801002,
NEST). After the cells reached 80% confluence, BMSCs were
fixed with 4% paraformaldehyde for 15 min and permeabilized
with 0.1% Triton X-100 for 20 min. Then, the cells were blocked
with bovine serum albumin for 1 h. Subsequently, the cells were
incubated with a primary antibody against AhR (AF6278,
1:100, Affinity) at 4 °C overnight. After washing, cells were
incubated with daylight 594-conjugated secondary antibody
(1 : 200, A23420, Abbkine) for 1 h at room temperature. Then,
the cells were stained with DAPI staining solution (C1005,
Beyotime) for 5 min. Finally, the stained cells were observed and
photographed under a confocal microscope (Leica-LCS-SPS-
STED).

Cell assay

The cell proliferation was analysed using a cell counting kit 8
(CCK8) (Dojindo, Japan) according to the manufacturer's
instructions. BMSCs were seeded in 96-well plate (1 x 10° cells
per well) and incubated in a culture medium containing 500 nM
FICZ (CAS No. 172922-91-7) (HY-12451, MCE), 1 pM SR1 (CAS
No. 1227633-49-9) (HY-15001, MCE) or dimethyl sulphoxide
(DMSO) as a control. The chemical structures of FICZ and SR1
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are shown in Fig. S1.T At consecutive times (day 0, 1, 3, 5), 100 pl
of the culture medium containing 10 ul CCK8 was added to each
well and the absorbance at 450 nm wavelength was measured
using a microplate reader after 1 h incubation.

To detect the inflammatory responses of BMSCs, the cells
were rendered quiescent by serum starvation and then stimu-
lated with 1 pg ml™* lipopolysaccharide (LPS) (L4391, Sigma-
Aldrich) supplemented with 500 nM FICZ, 1 uM SR1 or
dimethyl sulphoxide (DMSO) for 6 h.

Osteogenic induction, alkaline phosphatase (ALP) staining
and alizarin red staining (ARS)

For osteogenic induction, BMSCs at passage 3 or primed carti-
lage templates were cultured in a medium supplemented with
50 pg ml " ascorbic acid, 10 mM B-glycerophosphate and 10-
8 mol L' dexamethasone (Sigma) in addition to 500 nM FICZ, 1
uM SR1 or dimethyl sulphoxide (DMSO) as the control. For
BMSCs, cells were fixed in 4% paraformaldehyde for 10 min and
stained using an alkaline phosphatase color development kit
(C3206, Beyotime) following the manufacturer's instructions.
For ARS, cells were fixed and stained with alizarin red solution
(Cyagen) for 10 min. Different groups of cartilage templates
after osteogenic induction were harvested for subsequent RNA
extraction.

Treatment of primed cartilage templates and preparation of
conditioned medium

The primed cartilage templates were cultured in a normal
medium or incubated with 500 nM FICZ for 24 h. The templates
were then washed with PBS three times to remove FICZ and
cultured in a normal medium for an additional 24 h. The
conditioned medium was harvested and centrifuged for 10 min
at 1000 rpm and then frozen at —20 °C until used. The macro-
phage linage RAW 264.7 (ScienceCell) was treated with a 1:1
normal medium and conditioned medium for 12 h.

Library construction and sequencing

Primed cartilage templates were treated with 500 nM FICZ for
48 h, after which total RNA was extracted by TRIzol reagent
(Takara Bio). After total RNA was extracted, messenger RNA
(mRNA) was enriched by Oligo(dT) beads (Epicentre, Madison).
Then, the enriched mRNA was fragmented into short fragments
using the fragmentation buffer and reverse transcription in
c¢DNA with random primers. Then, the cDNA fragments were
purified using a QiaQuick PCR extraction kit (Qiagen, Venlo);
end-repaired, poly(A) was added and ligated to Illumina
sequencing adapters. The ligation products were size selected
by agarose gel electrophoresis, PCR amplified and sequenced
using Illumina HiSeq2500 by Gene Denovo Biotechnology Co.
(Guangzhou, China).

Analysis of differentially expressed genes (DEGS)

The transcripts with the parameter of false discovery rate (FDR)
below 0.05 and absolute fold change (FC) = 1.5 were considered
differentially expressed.
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Quantitative polymerase chain reaction (qPCR)

Total RNA from different cell samples were isolated using the
TRIzol reagent (Takara Bio). The concentration of RNA was
determined using the NanoDrop 2000 Spectrophotometer. One
microgram of total RNA was reverse transcribed into cDNA
using HiScript I Q RT SuperMix for qPCR (+gDNA wiper) (R223,
Vazyme). The SYBR Green Reagent (Q311-02, Vazyme) was used
to perform qPCR in a BIO-RAD CFX Real-Time PCR system. The
primer sequences used in the study are shown in Table 1. The
relative gene expression levels were calculated using the 2744¢
method and normalized with respect to GAPDH. Experiments
were duplicated three times.

Table 1 Primer sequences for the quantitative polymerase chain
reaction®

Gene Primer sequence (5'-3')
R-IL-1B F: GCATCCAGCTTCAAATCTCA

R: ACGGGCAAGACATAGGTAGC
R-IL-6 F: GTGGCTAAGGACCAAGACCA

R: AGCACACTAGGTTTGCCGAG
R-TNF-a F: GAGATGTGGAACTGGCAGAG

R: CACGAGCAGGAATGAGAAGA
R-AhR F: ATGTCCATGTACCAGTGCCAG

R: AGCCCTTACCTTGCTTAGGA
R-AhRR F: CCTCCTCGGCTCTCCTTGTTTTG

R: CTTTTGCCCTTGAGTCCATCGTGA
R-CYP1B1 F: CCATACGTCATGGCTTTTCTTT

R: TGCTGGCTAGTGCCTTGTTA
R-ALP F: GTCCCACAAGAGCCCACAAT

R: CAACGGCAGAGCCAGGAAT
R-Collal F: CTGCCCAGAAGAATATGTATCACC

R: GAAGCAAAGTTTCCTCCAAGACC
R-OPN F: CCAAGCGTGGAAACACACAGCC

R: GGCTTTGGAACTCGCCTGACTG
R-Runx2 F: CCGAGACCAACCGAGTCATT

R: CACTGCACTGAAGAGGCTGT
R-OCN F: CAGTAAGGTGGTGAATAGACTCCG

R: GGTGCCATAGATGCGCTTG
R-CYP1A1 F: CTGGTTCTGGATACCCAGCTG

R: CCTAGGGTTGGTTACCAGG
R-Gpc3 F: TGTGCTGGAACGGACAAGAG

R: TGGGCACAGACATGGTTCTC
R-Smpd3 F: GGTCCTCATGGAATGAAAGG

R: ACAGTGCCATTGGTTTAGGG
R-GAPDH F: GGCAAGTTCAACGGCACAGT

R: GCCAGTAGACTCCACGACAT
m-CD86 F: TCTGCCGTGCCCATTTACAA

R: TGTGCCCAAATAGTGCTCGT
m-TNF-o. F: TCTTCTCATTCCTGCTTGTGG

R: GGTCTGGGGCATAGAACTGA
m-IL-1B F: AACCTGCTGGTGTGTGACGTTC

R: CAGCACGAGGCTTTTTTGTTGT
m-CD36 F: AAGCTATTGCGACATGATT

R: GATCCGAACACAGCGTAGAT
m-Arg-1 F: ACATTGGCTTGCGAGACGTA

R: ATCACCTTGCCAATCCCCAG
m-IL-10 F: ATGCTGCCTGCTCTTACTGACTG

R: CCCAAGTAACCCTTAAAGTCCTGC
m-GAPDH F: TGGAAAGCTGTGGCGTGAT

R: GTCATCATACTTGGCAGGTTTCT

“ R, rat; m, mouse.
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Statistical analysis

All data were expressed as the mean + SD. For comparison
between the two groups, statistical differences were evaluated
using a two-tailed Student's t-test. For multiple comparisons,
a one-way analysis of variance (ANOVA) followed by Tukey's test
was conducted.

Results
1 The expression of AhR in rat femur and isolated BMSCs

The IHC staining demonstrated that AhR was expressed in parts
of rat femur bone marrow (Fig. 1a). In isolated BMSCs, AhR was
observed positive via confocal microscopy (Fig. 1b), which was
consistent with the observation of IHC detection. The immu-
nofluorescence staining showed that AhR was mostly expressed
in the cell nucleus.

2 The effects of FICZ and SR1 on the proliferation, osteogenic
differentiation, and inflammatory responses of BMSCs

To explore the effect of FICZ and SR1 on the proliferation of
BMSCs, the CCK8 assay was used to detect the viability of
BMSCs after treatment of 500 nM FICZ, 1 uM SR1 or DMSO for
consecutive days. As illustrated in Fig. 2a, the number of viable
BMSCs increased during the culture. But there was no signifi-
cant difference in cell proliferation among the groups at any
time point, which demonstrated neither FICZ nor SR1 had an
impact on the proliferation of BMSCs. ALP is a membrane-
bound enzyme and plays a key role in the early osteogenic
differentiation. After osteogenic induction for 7 days, ALP
staining demonstrated that FICZ-treated BMSCs showed more
ALP-positive nodules than control, while SR1-treated BMSCs
showed much less (Fig. 2b upper). Consistently, on day 15 of
osteogenic induction, calcium deposits and mineralized
nodules visualized by ARS staining also claimed FICZ admin-
istration promoted the osteogenic differentiation of BMSCs and
SR1 inhibited it (Fig. 2b, lower). To test the influence of FICZ or
SR1 on the LPS-induced inflammatory responses in BMSCs,
they were stimulated with 1 ug ml™" LPS supplemented with
500 nM FICZ, 1 uM SR1 or DMSO for 6 h. RT-PCR was used to
detect the mRNA expressions of IL-18, 6 and TNF-a. The results
demonstrated that LPS significantly up-regulated the expres-
sions of IL-1B, 6 and TNF-a and FICZ or SR1 prevented or
exacerbated the inflammatory responses (Fig. 2c).

In conclusion, without influencing the proliferation of
BMSCs, the AhR endogenous ligand FICZ promoted the osteo-
genic differentiation of BMSCs and alleviated LPS-induced
inflammatory responses in BMSCs. In contrast, the AhR
antagonist SR1 exhibited adverse effects on BMSCs. The results
implied that the AhR activation via FICZ was favorable for the
regenerative potentials of BMSCs.

3 The expression pattern of AhR from BMSCs to primed
cartilage templates to ossification

As described in the introduction, a lot of published literature
has reported the success of bone regeneration via primed
cartilage templates derived from BMSCs. However, the research

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Expression of AhR in bone marrow tissue of rat femur and isolated BMSCs. (a) IHC staining showed AhR expression in bone marrow tissue
(scale bar = 200 pm upper, 100 pm lower). (b) Immunofluorescence staining via confocal microscopy showed that BMSCs were positive for AhR
in the nucleus (red = AhR, blue = DAPI, pink = merged) (scale bar = 25 um upper, 10 um lower).

into the relationship between AhR and cartilage templates is
limited. In the present study, the AhR and AhRR mRNA
expression pattern of undifferentiated BMSCs and primed
cartilage templates were detected via RT-PCR. The results
showed that the expression was slightly elevated after chon-
drogenic induction for 2 weeks, but the elevation was not
statistically significant. After chondrogenic induction for 2
more weeks, the AhR mRNA expression was downregulated
compared to 2nd week but almost the same when compared to
the undifferentiated BMSCs (Fig. 3a left). As to the AhR target
gene CYP1B1, a significant decrease from BMSCs to primed
cartilage templates was observed in the 2nd or 4th week (Fig. 3a
middle). AhRR was detected to be slightly increased in the 2nd
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week and significantly increased in the 4th week (Fig. 3a right).
On a whole, AhR signalling was downregulated from BMSCs to
primed cartilage templates, which might be mediated by AhRR.

To detect the involvement of AhR in the subsequent ossifi-
cation of the cartilage templates, they were subcutaneously
implanted and harvested for histological detection after four
weeks. The images of HE staining showed an extensive distri-
bution of newly formed woven bone-like structure (stained red),
which was scattered amongst the remnants of gelatin sponges
(stained purple) (Fig. 3b). In the view of IHC staining, plenty of
embedded or infiltrated cells were stained positively for AhR in
the harvested implants (black arrows in Fig. 3c). The results
demonstrated that although AhR was suppressed in cartilage
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Fig. 2 Effects of FICZ or SR1 on proliferation, osteogenic differentiation, cell migration and inflammatory responses of the cultured BMSCs. (a)
The absorbance at 450 nm of the CCK8 assay of the BMSCs. The number of viable BMSCs increased in all groups and there were no significant
differences among the three groups on days 0, 1, 3and 5 (p < 0.05). (b) ALP staining (upper) and ARS staining (lower) showed a stimulative effect
of FICZ and inhibitory effect of SR1 on the osteogenic differentiation of BMSCs. (c) RT-PCR demonstrated that FICZ or SR1 prevented or
exacerbated LPS-induced IL-1B, 6 and TNF-a, respectively (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 3 The expression pattern of AhR from the BMSCs to the primed cartilage templates to ossification. (a) The alteration of AhR, CYP1B1 and
AhRR mRNA expression in undifferentiated BMSCs and primed cartilage templates via RT-PCR (ns, not significant; **p < 0.01; ****p < 0.0001). (b)
Representative images of HE staining of subcutaneous bone ossification via cartilage templates at the 4th week (NB, newly formed woven bone-
like structure; GS, remanent gelatin sponges) (scale bar = 200 um left, 100 pm right). (c) The IHC histological detection of AhR expression in
subcutaneous bone ossification via cartilage templates at the 4th week (black arrow, AhR positive cells) (scale bar = 200 um left, 100 um right).

templates, it was still involved in the ossification process via
cartilage templates. Therefore, it would be interesting to explore
the effects of AhR ligand FICZ on the regenerative potentials of
primed cartilage templates, mainly osteogenic differentiation,
and immunomodulatory capacity.

4 The effects of FICZ on primed cartilage templates

As mentioned above, AhR was suppressed in the process of the
cartilage template formation, but it was still involved in the
ossification process via cartilage templates. It made us curious
about the effects of AhR agonist FICZ on the cartilage templates’
osteogenic potential and macrophage polarization capacity.
The primed cartilage templates were cultured in an osteo-
genic medium supplemented with 500 nM FICZ or not. On the
7th day, the cartilage templates were mixed by homogenizer in
the TRIzol reagent. Then, the osteogenic markers were analysed

1510 | RSC Adv,, 2022, 12, I505-11516

via RT-PCR. The data showed that mRNA expressions of ALP,
osteopontin (OPN), osteocalcin (OCN), runt-related transcrip-
tion factor 2 (Runx2) were upregulated in the FICZ supple-
mented group, apart from collagen type I alpha 1 (Collal)
(Fig. 4a). On a whole, it could be concluded that FICZ admin-
istration promoted the osteogenic potential of the primed
cartilage templates.

To investigate the macrophage modulating capacity of FICZ-
treated cartilage templates. RAW 264.7 cells were treated in
a 1:1 normal medium and conditioned medium from FICZ-
treated or non-treated templates for 12 h. RT-PCR was applied
to test the characteristic markers of M1 and M2. The data
showed an upregulation of M2 markers (CD36, Arg-1, IL-10) and
downregulation of M1 markers (CD86, TNF-a, IL-1f) in RAW
cultured with conditioned medium from FICZ-treated cartilage
templates (Fig. 4b). The results demonstrated primed cartilage

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The effects of FICZ on the cartilage templates’ osteogenic potential and macrophage modulating. (a) The mRNA expressions of oste-
ogenic markers of cartilage templates cultured in osteogenic medium supplemented with FICZ or not. A significant increase of ALP, OPN, Runx2
and OCN was observed after FICZ treatment but Collal was downregulated exceptionally. (b) RAW 264.7 cells were cultured in 1: 1 normal
medium and conditioned medium from FICZ-treated or non-treated templates for 12 h. CD86, TNF-a, and IL-1B were significantly down-
regulated and CD36, Arg-1, and IL-10 were upregulated in RAW cultured with conditioned medium from FICZ-treated templates (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001).

templates with the FICZ treatment were more prone to polarize
macrophages into an M2-like phenotype. In conclusion, similar
to BMSCs, FICZ administration was beneficial to the regenera-
tive potential of primed cartilage templates.

© 2022 The Author(s). Published by the Royal Society of Chemistry

5 RNA-seq analysis of FICZ on cartilage templates

To explore the potential molecular mechanisms of FICZ on
cartilage templates, the templates were treated with 500 nM

RSC Adv, 2022, 12, 1505-11516 | 11511
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FICZ for 48 h, then, RNA-seq was conducted between FICZ and
control groups. Firstly, DEGs were analyzed at the standard of
FDR < 0.05 and FC = 1.5. The DEGs were visualized in a heat-
map with gene symbols (Fig. 5a). The data showed that 31 genes
were upregulated and 40 were downregulated in the FICZ-
treated cartilage templates. Gene ontology (GO) is a standard-
ized gene functional classification system that offers a dynamic-
updated controlled vocabulary and a strictly defined concept to
comprehensively describe the properties of genes and their
products.”® The GO enrichment analysis was performed to
identify the functions significantly associated with the DEGs in
FICZ-treated cartilage templates. The most enriched GO terms
in the biological process, cellular component and molecular
function domains are shown in Fig. 5b.

6 Validation of CYP1A1 and Smpd3 mRNA expressions via
qPCR

To further explore the data obtained from the RNA-seq, we
analysed the potential function of DEGs by searching published
literature in PubMed, trying to find possible genes associated
with osteogenesis and immune responses. Among them, we
paid particular attention to the genes whose promoter region
had binding sequences with AhR/ARNT motif predicted by
JASPAR (Fig. S2 and Table S17).

Among the DEGs, sphingomyelin phosphodiesterase 3
(Smpd3) and glypican 3 (Gpc3) could promote osteogenic
differentiation and extracellular matrix mineralization of
precursor cells.”””® As to immune responses, Gpc3 was able to
recruit more M2 cells®* and CYP1A1 could regulate the resolu-
tion of inflammation via lipid molecules.*

Therefore, JPCR was applied to verify the expressions of
CYP1A1, Gpc3 and Smpd3 in the FICZ-treated cartilage
templates. The results showed that CYP1A1 and Smpd3 were
significantly increased, which was consistent with RNA-seq
data, but the upregulation of Gpc3 was not significant

1512 | RSC Adv, 2022, 12, N1505-11516

(Fig. 6a). Accordingly, it was reasonable to make a scientific
hypothesis that AhR agonist FICZ promoted osteogenic poten-
tial through Smpd3 and enhanced M2 polarization via CYP1A1
in the primed cartilage templates. M2 could improve the
inflammatory microenvironment by downregulating inflam-
matory cytokines such as IL-18, 6 and TNF-a.** Meanwhile,
regenerative cytokines such as IL-1ra, 4, 10 and osteogenic
factors such as bone morphogenetic protein (BMP)-2, 4, 6
secreted from M2 would enhance the osteogenic differentia-
tion.*»** Additionally, recent research revealed exosome con-
taining microRNA was positive for the osteogenic process®*
(Fig. 6b). However, it would need further experiments such as
luciferase reporter assay or chromatin immunoprecipitation
(ChIP) to verify the connection between AhR and downstream
genes.

Conclusion and discussion

Based on our findings, and within the limitations of the study, it
was implied that (i) AhR agonist FICZ administration was
beneficial to the regenerative features of BMSCs, (ii) although
the AhR signal was suppressed in the process from BMSCs to
primed cartilage templates, AhR was still involved in bone
generation via templates, and (iii) FICZ played positive roles in
the regenerative potentials of cartilage templates and the
molecular mechanisms might be downstream CYP1A1l and
Smpd3. The present study offered new insights into the roles of
AhR and its ligand FICZ in the primed cartilage templates,
which might be a target and small molecule for achieving
optimal bone regeneration.

“Developmental bone tissue engineering” was an endo-
chondral ossification approach, in which a cartilage interme-
diate was created in vitro before being transformed in vivo for
bone regeneration.*® The approach had various advantages such
as vascularized bone formation, hypoxia tolerance and so on.*®
Primed cartilage templates kept the features of osteogenic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The molecular mechanisms of FICZ affecting the osteogenic potential and macrophage-modulation of primed cartilage templates. (a)
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(ChIP) are needed to verify the downstream genes.

differentiation and immunomodulating like BMSCs. In terms of
osteogenic differentiation, genetic markers were used to track
hypertrophic chondrocytes. The chondrocytes were found to
directly differentiate into Colla1l+ osteoblasts and sclerostin
(SOST)+ osteocytes.*” In another study, primed -cartilage
templates derived from human BMSCs were implanted into
immunodeficient mice. In the newly formed bone tissue,
human Alu repeats could be observed even after weeks, which
proved that new bone was partly differentiated from implants.*®
The above studies have confirmed the important role of the
direct osteogenic differentiation of the primed cartilage
templates in the process of bone regeneration. In terms of
immune regulation, it has been confirmed that cartilage
templates could inhibit the proliferation and activation of T
cells and dendritic cells, suppressing the secretion of

© 2022 The Author(s). Published by the Royal Society of Chemistry

inflammatory factors.*® However, according to our experience,
the process of preparing primed cartilage templates was time-
consuming, which might be the restriction of its clinical
applications. In the present study, the templates were prepared
via chondrogenic induction for 4 weeks. It had been shown that
2 weeks might be enough to form a cartilage template, but
a longer priming time of up to 4 weeks would lead to a more
homogeneous bone formation.*

AhR was observed in both osteoblasts and osteoclasts in
bone and other hard tissues, and the osteogenic process was
mediated by the AhR signal through cytokines.” In this
research, AhR was also positively detected in bone marrow
tissue via IHC staining and isolated BMSCs via immunofluo-
rescent staining, which laid a foundation for further
experiments.

RSC Adv, 2022, 12, 1505-11516 | 11513
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AhR was first recognized as an environmental chemical
sensor and played a role in biological rhythms and oxidative
stress.' Nowadays, mounting evidence has proved the presence
of AhR in various biological processes. But the functional roles
of AhR might be diverse depending on dioxin-like compounds
(DLCs) such as TCDD, and non-DL endogenous ligands such as
FICZ.**

As to proliferation, AhR might exhibit adverse effects due to
different AhR ligands and different cell types.** Even FICZ in
particular, its effect on cell proliferation was the biphasic effect
depending on the concentration. In HepGz2 cells, 0.01 nM FICZ
treatment for 24 h significantly enhanced the cell growth while
1000 nM FICZ obviously inhibited it via the tetrazolium salt
(MTT) assay.*” Similarly, in MG-63 cells, the proliferation was
promoted by low-concentration (1, 10, 100 nM) FICZ while
inhibited by high-concentration (1000 nM) FICZ application for
24 h.® In the present study, an intermedia concentration (500
nM) was chosen, and the treatment period was consecutive 1, 3,
5 days. The CCK8 assay demonstrated that FICZ or SR1 had no
influence on the proliferation of BMSCs. But the results verified
that the effects of FICZ on osteogenic differentiation or
inflammatory responses of BMSCs were not induced by the
changes in the cell number.

The dioxin-like compound ligands of AhR were basically
harmful to the osteogenic process, but the effect of endogenous
ligands such as FICZ was controversial. In a 10 nM dioxin-
containing osteogenic medium, the ALP activity and calcium
depositions were inhibited compared to DMSO vehicle control.
The qPCR and western blot demonstrated that dioxin down-
regulated a wide array of osteogenic marker genes, such as ALP,
Collal and so on.** Similarly, exposure to 10 nM TCDD
inhibited mineralization of hBMSCs and the expressions of
osteogenic markers.* In a most recent study, two other AhR
activators benzo[u]pyrene (B[«]P) and FICZ were analyzed in
experimental temporomandibular joint osteoarthritis (TMJ-
OA).*® The results showed that B[a]P-induced mandibular sub-
chondral bone resorption was in an AhR-dependent way.
However, FICZ played a therapeutic function and rescued the
bone loss, no matter at low (100 ug kg™ ') or high (100 mg kg™")
concentrations. Meanwhile, in vitro, the treatment with FICZ
(200 ng ml™") enhanced the osteoblastogenesis on MC3T3 E1
cells, manifesting in more obvious ALP and ARS staining, and
increased ALP, OCN and Col1al mRNA expression. Our results
were mostly consistent with those of previous research. In
BMSCs, FICZ treatment promoted the ALP and ARS staining
after osteogenic induction. In primed cartilage templates, the
FICZ supplement enhanced the mRNA expressions of several
osteogenic markers including ALP, OPN, Runx2 and OCN, but
with the exception of Collal. FICZ was found to downregulate
the collagen synthesis including Colla1 in UV-induced photo-
aging of skin,"”** Crohn's disease fibroblasts,* systemic scle-
rosis.*® Therefore, AhR signalling was considered a potential
anti-fibrotic target. The cellular mechanism might be that FICZ-
led AhR activation inactivated p38, ERK1/2, p65 and p-Smad2/3
signalling.”” However, the promotive effect on osteogenic
differentiation of AhR activation might be attributed to the
impairment of self-renewal.>** To sum up, we believe that the
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role of AhR and its ligands in osteogenesis and Colla1l expres-
sion should be specifically studied in different diseases or
models.

The role of AhR in chondrogenic phenotype has been rela-
tively less investigated. In smooth muscle cells of (SMC)-specific
AhR knockout (KO) mice, an increased chondrogenic pheno-
type was detected in SMC, which implied AhR inhibited the
chondrogenic fate of SMC.*® In the present study in chondro-
genic induction of rBMSCs in vitro, a slight increase in AhR
mRNA expression was observed in the 2nd week and an insig-
nificant decrease in the 4th week. But CYP1B1 mRNA was
significantly downregulated, which demonstrated inhibition of
the AhR signal. However, IHC showed the AhR-positive staining
in harvest after implantation of primed cartilage templates. It
made us reasonably wonder about the effects of the AhR ligand
FICZ on cartilage templates.

Compared with controversy over the osteogenic effects of
FICZ and AhR activation, its protective roles in inflammatory
responses and immune regulations were basically consensus.
FICZ administration alleviated the acute kidney injury,** peri-
odontitis,> and colitis® in vivo and inhibited inflammatory
cytokines such as IL-1p, IL-6, IL-7 and TNF-a in LPS-treated cells
in vitro. Consistently, FICZ treatment suppressed the IL-18, 6
and TNF-o expressions in LPS-stimulated BMSCs and SR1
intensified it, demonstrating that the effect was AhR-
dependent.

FICZ intervention attenuated calcium oxalate nephrocalci-
nosis in a mice model. In vitro, a transwell system was used to
co-culture bone marrow-derived macrophages (BMDMs) and
calcium oxalate monohydrate (COM) (100 pg ml ‘')-treated
renal tubular epithelial cells (TECs). FICZ with increasing
concentrations (0, 100, 200, 300 nM) were added to the system.
The results showed that the FICZ promoted the M2 markers
(Arg-1, Chi3l3, Fizz 1) and diminished M1 markers (iNOS, IL-6,
ClITA) in BMDMs, and the effect was stronger as the FICZ
concentration was increased. The molecular mechanism was
that AhR directly targeted downstream microRNA-142a-3p,
which suppressed IRF-1 and HIF-1 by binding to their
3'UTR.*® In another study, mouse BMSCs were co-cultured with
macrophages, and BMSC promoted macrophages to M2 polar-
ization, during which the AhR expression was increased in
BMSCs. The treatment of BMSCs with TCDD enhanced their
ability to modulate the phenotype of macrophages, resulting in
significantly increased M2 markers and decreased M1 markers
in macrophages. AhR antagonist CH223191 had an opposite
effect.”® Primed cartilage templates were proven to induce the
macrophage to M2 polarization.® Consistent with the above
experiments, the FICZ treatment had a trend of polarizing
macrophages into an M2-like phenotype in the present study.

High-throughput sequencing technique was next-generation
sequencing, which allowed deep analysis in a short time. In the
present study, to clarify the alteration of gene expressions in
FICZ-treated cartilage templates, RNA-seq was applied. In
DEGs, combining the molecular functions and binding
prediction with AhR/ARNT, CYP1A1, Gpc3 and Smpd3 were
selected as the potential target genes. After validation of qPCR,
CYP1A1 and Smpd3 might be the downstream genes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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contributing to the immunomodulating capacity and osteo-
genic differentiation of primed cartilage templates. However,
luciferase reporter assay or chromatin immunoprecipitation
(ChIP) and loss-and-gain function assays were needed to test the
molecular hypothesis.

As to the therapeutic potential of FICZ in humans, immune-
modulatory effects were observed. The AhR activation by FICZ
downregulated the expression of co-stimulatory molecules
including HLA-DR, CD80 and CD86 in dendritic cells (DCs)
from Behcet's disease patients and normal controls. Also, FICZ
significantly inhibited the production of pro-inflammatory
cytokines like IL-1B, 6 and TNF-a while increasing the IL-10 in
DCs. Meanwhile, the FICZ-treated DCs could suppress the T
helper (Th) 1 and 17.%” Consistently, another study showed that
FICZ treatment decreased CD83 expression during the matu-
ration of DCs and inhibited the production of IL-6 and TNF-
a and upregulated the enzyme IDO. What is more, FICZ-DCs
could induce naive T cells into Treg-like cells.”® In Langerhans
cells, FICZ-induced AhR activation reduced the high-affinity
receptor for IgE, FceRI and increased indoleamine (2,3-dioxy-
genase) IDO expression, mediating anti-inflammatory feed-
back.” As a tryptophan-derived photoproduct, FICZ was widely
analyzed as a solar ultraviolet (UV) photosensitizer in human
skin. In human HaCaT and primary epidermal keratinocytes,
photodynamic cell death was induced upon UVA and FICZ
cotreatment, accompanied by cellular heat shock, endoplasmic
reticulum stress, and oxidative stress response gene expres-
sion.®® Similarly, reactive oxygen species (ROS) generation and
extensive protein damage were observed in HaCaT human
keratinocytes, and nucleotide excision repair was impaired.**
On the other hand, the feature of photosensitizer could be
therapeutically used for photodynamic elimination of human
skin cancer cells in vivo and in vitro.®* From our point of view,
despite the reported immune regulation and osteogenesis
promotion of FICZ, its biphasic effects in different cells and
models should also be put into consideration before future
applications of FICZ in clinical therapy practice.
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