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Abstract
It has been proven that intra-articular injection of mesenchymal stromal cells (MSCs) can alleviate cartilage damage in 
osteoarthritis (OA) by differentiating into chondrocytes and protecting inherent cartilage. However, the mechanism by which 
the OA articular microenvironment affects MSCs’ therapeutic efficiency is yet to be fully elucidated. The aryl hydrocarbon 
receptor (AHR) is a ligand-activated transcription factor involved in various cellular processes, such as osteogenesis and 
immune regulation. Tryptophan (Trp) metabolites, most of which are endogenous ligand for AHR, are abnormally increased 
in synovial fluid (SF) of OA and rheumatoid arthritis (RA) patients. In this study, the effects of kynurenine (KYN), one 
of the most important metabolites of Trp, were evaluated on the chondrogenic and chondroprotective effects of human 
umbilical cord-derived mesenchymal stromal cells (hUC-MSCs). hUC-MSCs were cultured in conditioned medium con-
taining different proportions of OA/RA SF, or stimulated with KYN directly, and then, AHR activation, proliferation, and 
chondrogenesis of hUC-MSCs were measured. Moreover, the chondroprotective efficiency of short hairpin-AHR-UC-MSC 
(shAHR-UC-MSC) was determined in a rat surgical OA model (right hind joint). OA SF could activate AHR signaling in 
hUC-MSCs in a concentration-dependent manner and inhibit the chondrogenic differentiation and proliferation ability of 
hUC-MSCs. Similar results were observed in hUC-MSCs stimulated with KYN in vitro. Notably, shAHR-UC-MSC exhib-
ited superior therapeutic efficiency in OA rat upon intra-articular injection. Taken together, this study indicates that OA 
articular microenvironment is not conducive to the therapeutic effect of hUC-MSCs, which is related to the activation of the 
AHR pathway by tryptophan metabolites, and thus impairs the chondrogenic and chondroprotective effects of hUC-MSCs. 
AHR might be a promising modification target for further improving the therapeutic efficacy of hUC-MSCs on treatment of 
cartilage-related diseases such as OA.
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Introduction

Osteoarthritis (OA) is the most common degenerative dis-
ease of the joints worldwide, with the main pathological 
manifestations being joint deformity and articular cartilage 
destruction [1]. Traditional therapeutic strategies include 
surgery and medical therapy. Surgical options include artic-
ular lavage, microfracture, osteochondral allograft transfer 
system, and autologous chondrocyte implantation [2, 3], 
whereas medication treatments primarily include nonsteroi-
dal anti-inflammatory drugs and injections of chondropro-
tective agents [4]. Although these interventions can alleviate 
OA to a certain extent and improve joint function, they do 
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not promote articular cartilage regeneration or address the 
underlying causes of articular cartilage destruction [4].

Recently, with the development of cell tissue engineer-
ing, the use of stromal cells has become a new strategy and 
study hotspot for the treatment of various diseases. MSCs, 
a type of pluripotent stromal cell, are an ideal cell for the 
treatment of OA cartilage damage [5]. Many studies have 
shown that MSCs have great potential for promoting carti-
lage regeneration in animal models of OA, such as OA rats, 
OA rabbits, and OA dogs, among others. Preclinical studies 
and clinical trials have also shown that MSCs can be used to 
treat OA in the following ways: tissue engineering for MSCs 
transplantation, scaffold-free MSCs’ injection, and MSCs’ 
exosome injection [6–8]. Although the specific mechanism 
of MSCs in OA treatment and facilitation of cartilage repair 
is not yet clear, it may be related to the chondrogenic dif-
ferentiation capacity and paracrine effects of MSCs. MSCs 
can differentiate into chondrocytes while recruiting resident 
progenitor chondrocytes to the cartilage site to promote car-
tilage matrix synthesis [9–11]. In addition, through parac-
rine effects, MSCs secrete a large number of cytokines and 
nutritional factors, exerting anti-inflammatory and nutri-
tional effects on damaged cartilage [12]. Although MSCs 
have great advantages and potential in the treatment of OA 
and cartilage damage, MSC-related therapies are not yet 
routine clinical treatments [13]. In cell therapy, MSCs are 
susceptible to the influence of the local microenvironment 
[14]. Evidence suggests that the effects of MSC therapeutics 
are disturbed by the inflammatory environment. It has been 
reported that the inflammatory microenvironment of acute 
myocardial infarction inhibits the ability of stromal cells to 
promote myocardial regeneration. Some proinflammatory 
cytokines in the inflammatory microenvironment induce 
stromal cell death and hinder their proliferation and differ-
entiation [15]. In addition, Lou et al. found that metabolic 
abnormalities and the inflammatory milieu affect the differ-
entiation potential of adipose-derived mesenchymal stromal 
cells, impairing their function in maintaining tissue repair 
and homeostasis [16].

The homeostasis of the articular microenvironment in 
OA is dysregulated or even disordered. Therefore, it is 
necessary to study the influence of the articular microenvi-
ronment of patients with OA on the therapeutic efficiency 
of MSCs. Furthermore, studies have shown that the meta-
bolic pathways for tryptophan are significantly upregu-
lated with abnormally increased metabolites in the syno-
vial fluid of OA patients [17, 18]. Tryptophan (Trp), an 
essential aromatic amino acid, is indispensable for protein 
synthesis. Most of the dietary Trp consumed is used for 
protein synthesis and the remainder is metabolized [19]. 
The metabolites of Trp, such as kynurenine (KYN), are 
generated by a series of endogenous enzymes or microbial 
metabolism, which enable them to bind and activate the 

aryl hydrocarbon receptor (AHR). This sequential process 
is termed the Trp–KYN–AHR pathway [20]. The activated 
Trp–KYN–AHR pathway regulates a variety of physi-
ological and pathological processes, including growth, 
metabolism, emotions, and immunological responses 
[21]. AHR is a ligand-activated nuclear transcription fac-
tor found in a variety of tissues and cells; it belongs to 
the Per-ARNT-Sim homology domain family [22]. Upon 
ligand stimulation, AHR translocates from the cytoplasm 
to the nucleus to regulate the lower reaches of gene expres-
sion. Studies have shown that AHR is expressed in MSCs, 
where it participates in the regulation of the immune 
regulation of MSCs and affects migration function and 
the adipogenic and osteogenic differentiation potential of 
MSCs [23–25]. However, the effects of AHR on chondro-
genic differentiation of MSCs remain unclear. Because the 
articular microenvironment is complicated in OA, MSCs 
are exposed to the synovial fluid (SF) after intra-articular 
injections. The levels of Trp and its metabolites, such as 
KYN, are reported to be abnormally increased in OA SF 
[17, 18]. KYN is an endogenous ligand of AHR. Thus, we 
speculated that the transactivation of AHR is induced by 
KYN and is involved in the inhibitory effects of OA SF on 
human umbilical cord mesenchymal stromal cells (hUC-
MSCs). Whether the upregulated KYN pathway in SF can 
activate AHR and affect the chondrogenic and chondro-
protective effects of MSCs has not yet been reported and 
was investigated in this study.

In this study, we investigated whether OA SF activates 
AHR and influences the proliferation and chondrogenic 
potential of hUC-MSCs. Among MSCs, hUC-MSCs have 
stronger proliferation and differentiation potential and are 
more appreciated in clinical practice [26]. In addition, hUC-
MSCs have the characteristics of classic MSCs, prolifer-
ate rapidly, maintain their pluripotent differentiation ability 
after multiple passages, and have good cartilage regeneration 
potential [27].

In the present study, we found that OA SF could activate 
the AHR signaling pathway and inhibit chondrogenesis and 
proliferation of hUC-MSCs. Therefore, we investigated the 
role of the KYN–AHR axis in the inhibition of hUC-MSC 
chondrogenesis and proliferation. We used KYN to stimu-
late hUC-MSCs at different dosages in vitro, and similar 
results were obtained. However, this inhibition was blocked 
by AHR knockdown. Moreover, the complicated articular 
microenvironment has an unfavorable effect on the chon-
droprotective effects of hUC-MSCs. AHR knockdown in 
hUC-MSCs had a strong therapeutic effect in the OA rat 
model. These results clarified the impact of the KYN–AHR 
pathway on the chondrogenic and chondroprotective effects 
of hUC-MSCs, which provided a theoretical basis for the 
clinical application of MSCs in the treatment of cartilage 
destruction diseases such as OA.
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Materials and methods

Synovial fluid collection

In this study, SF obtained from healthy individuals (who 
had undergone total knee replacement after knee trauma) 
was used as the control group, and SF obtained from OA 
and RA patients who had undergone therapeutic arthrocen-
tesis was used as the OA SF group and the RA SF group, 
respectively. All SF samples were obtained from the First 
Affiliated Hospital of the Anhui Medical University. The 
study was conducted in accordance with the Declaration 
of Helsinki guidelines and approved by the research eth-
ics board of the Anhui Medical University. All partici-
pants (or the relatives of those who were unable to sign) 
signed a written informed consent form before inclusion in 
the study. SF samples were transferred to heparin-treated 
tubes and centrifuged at 2000 rpm for 10 min at 4 °C to 
exclude cells and debris. Then, the supernatants were col-
lected and filtered through a 0.2-μm pore size membrane 
to remove the remaining macromolecules and then stored 
at − 80 °C for future use.

Cells’ culture

hUC-MSCs (from an independent donor) were provided by 
Nanjing Kangya Biological Technology Co., Ltd. Cells were 
thawed at 37 °C for 1 min, then seeded into 25-cm2 culture 
flasks, and cultivated in Dulbecco's Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F-12, BI, Israel) containing 
10% fetal bovine serum (FBS, BI, Israel) and 1% penicil-
lin–streptomycin (Gibco). Cells were passaged at a split ratio 
of 1:3 when they reached 80% confluency. The medium was 
replaced every 3 days, and cells between the thirst and sixth 
passages were used in subsequent experiments.

Phenotype of hUC‑MSCs

At the end of the third passage, the cells were collected and 
washed with phosphate-buffered saline (PBS) containing 1% 
bovine serum albumin (BSA; Sigma-Aldrich, USA). The 
cells were then resuspended with 200 μL PBS before incu-
bation with FITC/PE/APC-conjugated mouse anti-human 
antibodies (CD11b, CD34, CD45, CD73, CD90, or CD105) 
(BioLegend, USA) for 30 min in the dark at 4 °C. Fluoro-
chrome and concentration-matched isotopes were used as 
controls (all IgG1, BioLegend, USA). Following two washes 
in PBS/2%FBS to remove unbound antibodies, cells were 
resuspended in 300 μL of PBS and analyzed using a flow 
cytometer (CytoFLEX, Beckman, USA).

Trilineage differentiation potential of hUC‑MSCs

The multidirectional differentiation capabilities of hUC-
MSCs were detected using commercial MSCgo™ differen-
tiation kits (BI, Israel). hUC-MSCs were seeded in a 48-well 
plate at a density of 1 × 104 cells/well and cultured in adipo-
genic, osteogenic, or chondrogenic differentiation induction 
medium. The induction medium was changed every 3 days. 
On day 21, the cells were fixed and stained with Oil Red O 
for adipocytes, Alizarin red S for osteocytes, and Alcian blue 
for chondrocytes (Servicebio, China).

Synovial fluid treatment

To determine the effect of SF on chondrogenic differentia-
tion of hUC-MSCs, cells were seeded at a density of 3 × 104 
cells/well in 24-well plates in growth medium. At 80% con-
fluence, cells were serum-starved overnight, and the medium 
was replaced with chondrogenic differentiation medium con-
taining one of the following treatments: OA SF added to the 
medium at a ratio of 20% in the 20% OA SF group or OA 
SF added to the medium at a ratio of 40% in the 40% OA SF 
group. Similarly, the two RA SF groups also had the same 
proportions as the OA SF groups. The healthy SF group was 
used as a control. The medium was replaced every 3 days, 
and Alcian blue staining was performed 21 days after chon-
drogenic induction.

KYN treatment of hUC‑MSCs

To determine the effect of KYN on the chondrogenic differ-
entiation potential of UC-MSCs, hUC-MSCs were seeded in 
24-well plates with growth medium. At approximately 80% 
confluence, the cells were serum-starved overnight using 
a chondrogenic differentiation medium containing 100 or 
200 μM KYN (Sigma, USA) to replace the medium. The 
medium was replaced every 3 days, and Alcian blue staining 
was performed 21 days after chondrogenic induction.

Cell proliferation

The effect of SF and KYN on the activity of hUC-MSCs 
was measured using the Cell Counting Kit 8 assay (CCK-8, 
Beyotime, China). Cells were seeded in 96-well plates at 
an initial density of 1 × 103 cells/well, serum-starved over-
night, and then cultured in DMEM/F12 containing 10% FBS 
and treated with SF or KYN for 7 days. At the indicated 
time points (days 1, 3, 5, or 7), cells were incubated with 
CCK-8 solution (10 μL/well) at 37 °C for 1 h. Each time 
point included six replicate wells. The optical density was 
determined at a wavelength of 450 nm using an enzyme-
labeling instrument (BioTek Elx, Tecan, USA).
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Lentiviral transfection

To establish stable AHR-low-expressing hUC-MSCs, a 
recombinant lentivirus containing green fluorescent protein 
(GFP) and stably expressing AHR shRNA (Gene Chem 
Co., Ltd., Shanghai, China) was constructed. A lentiviral 
vector containing GFP and a scrambled sequence served as 
a short hairpin negative control (shNC) (Gene Chem Co., 
Ltd., Shanghai, China). The shRNA sequences are as fol-
lows: shAHR, 5′-GCA​TAG​AGA​CCG​ACT​TAA​T-3′ and 
shNC, 5′-TTC​TCC​GAA​CGT​GTC​ACG​T-3′. Lentivirus 
transfection was performed according to the manufacturer's 
instructions. hUC-MSCs were cultured in 12-well plates 
for 24 h and transduced with lentiviral particles using 8 μg/
mL polybrene at a multiplicity of infection of 60. Antibiotic 
selection, which was conducted by adding puromycin (5 μg/
mL, Sigma-Aldrich) and fluorescent cell sorting, was used 
to select stable knockdown cells.

RNA isolation and quantitative polymerase chain 
reaction (q‑PCR)

Total RNA was extracted using TRIzol Reagent (Thermo 
Fisher Scientific, USA) according to the manufacturer's 
instructions. Reverse transcription was performed using 
HiScript® II Q RT SuperMix for qRT-PCR (Vazyme Biotech, 
China) to synthesize cDNA. q-PCR was performed using 
the AceQ® qRT-PCR SYBR Green Master Mix (Vazyme 
Biotech, China) on a 7500 Real-Time PCR Detection Sys-
tem (Applied Biosystems, USA) with gene-specific prim-
ers. Primers were synthesized by Sangon Biotech (Shanghai, 
China). The sequences of primers used are as follows: AHR 
(forward 5′-CAG​TGG​TCC​CAG​CCT​ACA​C-3′ and reverse 
5-GAC​TGG​CGT​AGG​TGA​TGT​TG-3′), CYP1A1 (forward 
5'-′CTC​AGT​ACC​TCA​GCA​GCC​AC-3′ and reverse 5′-TTC​
TTC​AGG​CCT​TTG​GGG​AC-3′), CYP1B1 (forward 5′-GAC​
GCC​TTT​ATC​CTC​TCT​GCG-3′ and reverse 5′-ACG​ACC​
TGA​TCC​AAT​TCT​GCC-3′), SOX-9 (forward 5′-GGA​CTT​
CTG​AAC​GAG​AGC​GAGA-3′ and reverse 5′-CGT​TCT​TCA​
CCG​ACT​TCC​TCC-3′), COL2A1 (forward 5′-TGC​ATG​
AGG​GCG​CGGTA-3′ and reverse 5′-GGT​CCT​GGT​TGC​
CGG​ACA​T-3′), ACAN (forward 5′-ACA​TTG​TGG​GGC​
TAG​AAC​GA-3′ and reverse 5′-CAG​GAG​GCT​GCA​CAA​
GTT​TT-3′), and GAPDH (forward 5′-ATG​TTG​CAA​CCG​
GGA​AGG​AA-3′ and reverse 5′-AGG​AAA​AGC​ATC​ACC​
CGG​AG-3′). GAPDH was used as the reference gene. The 
relative mRNA expression levels in the groups were ana-
lyzed using the 2−ΔΔCT method.

Western blot analysis

The cells were washed three times with PBS and lysed with 
RIPA lysis buffer. The cell lysates were centrifuged to obtain 

total cellular protein, and as for nuclear protein, nuclear frac-
tions were extracted using the Nuclear Protein Extraction Kit 
(Sangon Biotech, China) according to the manufacturer's 
instructions. The protein concentration was determined 
using a BCA protein assay kit (BioChannel Biotechnology, 
China). Subsequently, the samples were denatured by boiling 
for 10 min in 10% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis buffer. For western blotting, the protein 
samples were separated by 10% SDS-polyacrylamide gel 
electrophoresis and transferred to a polyvinylidene fluoride 
membrane (Millipore, USA). They were then incubated with 
the following primary antibodies: AHR (1:800, Santa Cruz, 
USA), SOX-9 (1:800, Santa Cruz, USA), COL2A1 (1:600, 
Proteintech, USA), Lamin B (1:500, Santa Cruz, USA), and 
anti-β-actin (1:1000; Cell Signaling Technology, USA). 
Membranes were then washed and treated with appropriate 
horseradish peroxidase-conjugated secondary antibodies and 
developed using electrochemiluminescence substrates (ELC, 
Thermo Fisher, USA). The relative band intensity was meas-
ured using the ImageJ software.

Immunofluorescence staining

Cells grown on glass coverslips were washed with ice-cold 
PBS, fixed with 4% formaldehyde, permeabilized with 
0.2% Triton X-100, and blocked with 5% bovine serum 
albumin. Then, the cells were incubated with appropriate 
primary antibodies at the following dilutions: anti-AHR 
(1:200, Santa Cruz, USA), anti-SOX-9 (1:200, Santa Cruz, 
USA), and anti-COL2A1 (1:150, Proteintech, USA) over-
night at 4 °C. The following day, cells were treated with 
the following fluorescence-labeled secondary antibodies: 
anti-mouse IgG 488 (1:200, Biologend, USA), anti-goat 
IgG 594 (1:200, Biologend, USA), and anti-mouse IgG 647 
(1:200, Biologend, USA) for 2 h at room temperature in 
the dark. After washing with PBS, the nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI, Sigma, USA) 
for 10 min, and an anti-fluorescence quencher was added. 
Images were obtained using a confocal microscope (Leica 
TCS SP8, Germany).

Alcian blue staining

hUC-MSCs were cultured in a chondrogenic differentiation 
medium to induce chondrogenic differentiation. On day 21 
after chondrogenic induction, the cells were washed twice 
with PBS, fixed for 30 min with 4% formaldehyde solution, 
and stained overnight with Alcian blue (1% acetic acid, pH 
2.5). Then, the cells were washed three times with 0.1 N 
HCL and imaged using a microscope. In addition, the total 
sulfated GAG content in chondrocyte spheroids was quanti-
fied. Briefly, chondrocyte spheroids were treated with 8 M 
guanidine HCL containing 0.05 M acetate (pH 5.8) and 
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proteinase inhibitors overnight. The absorbance of the elu-
ent was measured at 600 nm using a microplate reader as 
previously described [15].

Animal studies

All animal protocols were performed in accordance with 
laboratory animal care and use guidelines and were approved 
by the Animal Ethics Committee of the Institute of Clinical 
Pharmacology Laboratory at Anhui Medical University.

Induction of osteoarthritis model

Thirty-two male Sprague–Dawley (SD) rats (approximately 
12 weeks old) were purchased from SPF Biotechnology 
Co. (Beijing, China) and housed in a specific pathogen-free 
(SPF) animal laboratory with a 12:12 h light/dark cycle and 
controlled temperature (23–25 °C). After 1 week of accli-
matization, according to previous research [28], the OA 
rat model was established by completely transecting the 
medial collateral ligament and medial meniscus, removing 
the meniscus, and cutting off the anterior cruciate ligament 
without damaging the tibial surface (OA-like joint discom-
fort in the right hind joint). After surgery, all rats received 
an intramuscular injection of penicillin sodium (10 mg/kg) 
in the right medial thigh for 3 days to prevent infection. 
The rats were then randomly divided into the following four 
groups (n = 8 per group): (1) sham group: saline, 100 μL, 
(2) OA group: saline, 100 μL, (3) OA + shNC-hUC-MSCs 
group: 5 × 107 shNC-hUC-MSCs cells/100 mL saline, and 
(4) OA + shAHR-hUC-MSCs group: 5 × 107 shAHR-hUC-
MSCs cells/100 mL saline. Four weeks after injection, the 
rats were sacrificed, and knee samples were harvested for 
X-ray examination, overall scoring, and pathological and 
histological tests.

Establishment of adjuvant‑induced arthritis model

To induce arthritis, animals were inoculated by subcutane-
ous injection of 0.1 mL/rat CFA solution (Sigma Chemi-
cal Co., USA) into the footpad of the right hind paw for 2 
consecutive days. Each 1 mL of CFA contained 1 mg of 
heat-killed and dried mycobacterium tuberculosis, 0.85 mL 
of paraffin oil, and 0.15 mL of mannite monooleate.

Radiography

Before the animals were euthanized, an X-ray examination 
was performed on knee joint samples to observe osteophyte 
formation, joint space, and cartilage damage. All rats were 
anesthetized with ether at the end of the protocol. The rats 
were placed in a supine position, and radiographs of the 
right knee were taken. Two independent investigators blindly 

evaluated the radiographic grading according to the Kell-
gren–Lawrence scoring system. The Kellgren and Lawrence 
system provides a score of severity from 0 to 4 as follows: 
grade 0, no radiographic features of OA are present; grade 
1, doubtful joint space narrowing (JSN) and possible osteo-
phytic lipping; grade 2, definite osteophytes and possible 
JSN on anteroposterior weight-bearing radiograph; grade 3, 
multiple osteophytes, definite JSN, sclerosis, possible bony 
deformity; grade 4, large osteophytes, marked JSN, severe 
sclerosis, and definite bony deformity [29].

Histology and immunohistochemical analysis

After the knee joints were opened and disarticulated, the 
gross morphological lesions on the rat tibial plateaus were 
visualized, and cartilage lesions and fibrillation were quanti-
fied according to the Osteoarthritis Research Society Inter-
national (OARSI) guidelines [28]. After collecting knee 
joint samples and removing the tibiofemoral joints, the 
remaining femoral condyles were fixed in neutral buffered 
formalin (containing 4% formaldehyde) for 24 h. The fixed 
femoral condyles were decalcified in EDTA for 3 weeks and 
embedded in paraffin. Tissues were embedded in paraffin 
and sectioned into 5-μm-thick sections. Serial sections were 
obtained from the medial and lateral compartments at 200-
μm intervals. The selected sections were deparaffinized in 
xylene and rehydrated through a graded series of ethanol 
washes, followed by safranin-O/fast green staining (Ser-
vicebio, China). Cartilage degeneration was assessed using 
Mankin’s score [30]. The OARSI and Mankin scoring were 
performed by three independent blinded observers.

For immunohistochemistry, deparaffinized sections 
were soaked in EDTA (pH 9.0) for antigen retrieval using 
microwave-assisted irradiation. The sections were placed 
in 3% hydrogen peroxide solution and incubated at room 
temperature for 25 min in the dark, followed by blocking 
with 5% BSA at room temperature for 30 min. Then, the 
sections were incubated with the primary antibodies, col-
lagen II (Abcam, UK), and aggrecan (Abcam, UK) at 4 °C 
overnight, followed by incubation with secondary antibod-
ies (Abcam, UK) at room temperature for 60 min the next 
day. After thorough washing, 3,3′-diaminobenzidine (DAB)-
peroxidase substrate and hematoxylin solution (Servicebio, 
China) were added.

KYN determination in synovial fluid 
by high‑performance liquid chromatography (HPLC)

KYN concentrations were measured by HPLC as previ-
ously described [31]. Briefly, frozen samples were thawed 
immediately prior to the investigation. Proteins were pre-
cipitated with trichloroacetic acid, mixed, and centrifuged 
at 12,000 rpm and 4 °C. For the measurement, 10 μL of 
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clear supernatant was injected into the HPLC system using 
Agilent TC-C18 columns (250 mm length, 5 μm grain size) 
for separation. Kynurenine was detected at a wavelength of 
360 nm using a fluorescence detector (Agilent, G1315D). 
Data were recorded using the Agilent ChemStation software.

Statistical analysis

Statistical analysis was performed using SPSS v. 25.0, and 
multi-factor analysis of variance (ANOVA) was applied for 
comparison among multiple groups. All experiments were 
repeated in three independent batches and the results are 
presented as mean ± SEM; P < 0.05 was considered statisti-
cally significant. Cell culture samples and animals were ran-
domly assigned to each group, with approximately equiva-
lent numbers in each group, and all samples were analyzed 
in a blinded manner.

Results

hUC‑MSCs’ identification and its characteristics

Frozen hUC-MSCs were resuscitated and expanded under 
standard conditions. After 6 h of resuscitation, the cells 
showed adherence and rapid proliferation. After 48 h of 
culture, the cells reached 80% confluence with fibroblast-
like morphology and spindle-shaped appearance. There was 
no discernible variation in morphology or plastic adhesion 
characteristics until passage 5 (Fig. 1A).

CCK-8 was used to detect the variation in the proliferation 
of hUC-MSCs from passages 1 and 5. The results showed 
no significant difference in the growth of hUC-MSCs after 
5 passages (Fig. 1B).

Flow cytometry was used to identify hUC-MSC phe-
notypes. hUC-MSCs were positive for the canonical MSC 
markers CD73 (99.37%), CD90 (99.16%), and CD105 
(99.19%), and negative for the hematopoietic mark-
ers CD11b (0.49%), CD34 (0.36%), and CD45 (0.34%) 
(Fig. 1C), indicating that hUC-MSCs express most of the 
consensus MSC markers, suggesting that these cells pos-
sess MSC-like characteristics. The differentiation potential 
of hUC-MSCs was also examined. As shown in Fig. 1D, 
Oil Red O, Alizarin red S, and Alcian blue staining revealed 
the adipogenic, osteogenic, and chondrogenic differentiation 
abilities of hUC-MSCs, respectively.

RA SF and OA SF activated AHR and inhibited 
the chondrogenic and proliferative capacities 
of hUC‑MSCs

To explore the effect of SF from patients with OA or RA 
on the chondrogenesis of hUC-MSCs, cells were cultured 

in chondrogenic differentiation medium supplemented 
with OA or RA SF at an indicated concentration of 20% 
or 40% for 14 days. OA or RA SF stimulation was mark-
edly upregulated, in a concentration-dependent manner, the 
mRNA expression of AHR and its downstream target genes, 
including CYP1A1 and CYP1B1 (Fig. 2A), whereas signifi-
cantly decreased the expression levels of SOX-9, COL2A1, 
and ACAN (Fig. 2B). Western blotting results showed that 
OA or RA SF downregulates the expression of SOX-9 and 
COL2A1 (Fig. 2C, D), and promotes the nuclear transloca-
tion of AHR (Fig. 2E, F). In addition, fluorescence confocal 
assays revealed a similar trend (Fig. 2G–J).

Similarly, extracellular matrix (ECM) secretion also 
decreased in the SF-stimulated groups, as determined by 
Alcian blue staining and quantification on day 14 (Fig. 2K, 
L).

Next, we examined the effect of SF on hUC-MSC pro-
liferation using the CCK-8 assay. As shown in Fig. 2M, 
treatment of hUC-MSCs with OA SF or RA SF for 3, 5, 
and 7 days inhibited their growth compared to the control 
group. These results suggest that OA SF and RA SF acti-
vated AHR and inhibited chondrogenesis and proliferation 
in hUC-MSCs.

KYN treatment activated AHR and suppressed 
chondrogenesis and proliferation of hUC‑MSCs

KYN, a tryptophan metabolite found in the synovial fluid of 
patients with OA and RA, is an endogenous ligand for AHR. 
Thus, we speculated that the activation of AHR in hUC-
MSCs by SF may be due to the effect of KYN. We detected 
KYN content in SF from OA patients, RA patients, and nor-
mal donors by HPLC. We found that KYN was expressed at 
much higher levels in the SF of OA and RA patients than in 
normal donors, and KYN concentration in OA SF was about 
20 µM, which was higher than that in RA SF (Fig. 3A). 
Therefore, we first tested whether pathological level of KYN 
(20 µM) could affect the chondrogenesis of hUC-MSCs. The 
results showed that 20 µM KYN downregulated the protein 
expression of COL2A1 and SOX-9 (Supplementary Fig. 1A 
and 1C), and the mRNA level of COL2A1, SOX-9, and ACAN 
in hUC-MSCs (Supplementary Fig. 1F). Meanwhile, KYN 
(20 µM) promoted nuclear AHR expression (Supplementary 
Fig. 1B and 1D) and AHR-regulated CYP1A1 and CYP1B1 
mRNA levels (Supplementary Fig. 1E), which indicated the 
activation of AHR in hUC-MSCs. Next, we stimulated hUC-
MSCs with KYN (100 µM and 200 µM) and examined the 
nuclear translocation of AHR. KYN treatment significantly 
increased the nuclear translocation of AHR, indicating that 
KYN can activate AHR signaling (Fig. 3E, F). This result 
was further supported by the increased mRNA expression 
of AHR-regulated metabolic enzymes, including CYP1A1 
and CYP1B1 (Fig. 3B). Moreover, to clarify whether AHR 
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activation regulates chondrogenesis of hUC-MSCs, the 
levels of chondrogenic differentiation-related SOX-9 and 
COL2A1 mRNA were determined. q-PCR results revealed 
that KYN significantly increased the expression of AHR, 
CYP1A1, and CYP1B1 mRNA in a dose-dependent manner 
(Fig. 3B), and suppressed the mRNA expression levels of 
SOX-9, COL2A1, and ACAN (Fig. 3C). Similarly, western 
blotting and immunofluorescence showed that KYN pro-
motes the nuclear translocation of AHR (Fig. 3E, F); how-
ever, that of SOX-9 and COL2A1 was markedly reduced by 
KYN (Fig. 3F, G). Additionally, as shown in Fig. 3H, the 
ECM secretion of hUC-MSCs in the KYN treatment groups 
was suppressed compared to that in the control group.

CCK-8 assays were used to explore the effects of AHR 
activation on the proliferation of hUC-MSCs. There was no 
difference in cell viability among the three groups on day 1; 
however, on days 3, 5, and 7, the proliferation of hUC-MSCs 
in the KYN treatment groups was reduced compared with 
the control group (Fig. 3I).

Establishment of a short hairpin AHR‑UC‑MSC 
(shAHR‑hUC‑MSC) stable cell line

The effects of AHR on chondrogenesis and proliferation 
were evaluated by gene knockdown experiments using 
shRNA. Following puromycin selection, the knockdown 

Fig. 1   Identification of hUC-MSCs. A Growth and morphology 
of hUC-MSCs at first passages (P1) and fifth passages (P5) respec-
tively (scale bar = 500  μm). B Cell proliferation of P1 and P5 was 
assessed by the CCK-8 assay (n = 3). C The markers for hUC-MSCs 
were detected by flow cytometry and hUC-MSCs were positive for 
CD73, CD90, and CD105, while negative for CD11b, CD34, and 

CD45 (n = 3, all histograms show specific membrane antigen in green 
and control isotype-specific IgGs in red). D hUC-MSCs differentia-
tion potentials. Adipogenic differentiation capacity (Oil Red O stain-
ing), osteogenic differentiation capacity (Alizarin Red staining), and 
chondrogenic differentiation capacity (Alcian blue staining) (scale 
bar = 250 μm) (n = 3)
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efficiency was verified by q-PCR, western blotting, and 
fluorescence staining. q-PCR and western blot results 
revealed that the gene and protein expression levels of 
AHR in the shAHR group were significantly downregu-
lated compared to those in the shNC group (Fig. 4A–C). 
Fluorescent staining revealed that the transfection effi-
ciency was > 90% (Fig. 4D). To verify whether the lentivi-
rus changed the phenotype of hUC-MSCs, flow cytometry 
was used to analyze the surface markers of shAHR-hUC-
MSCs, and shAHR-hUC-MSCs were confirmed to be 
positive for the MSC markers CD73 (98.13%), CD90 

(98.43%), and CD105 (98.79%) and negative for CD11b 
(0.26%), CD34 (0.69%), and CD45 (0.96%) (Fig. 4E).

AHR knockdown prevented KYN from inhibiting 
chondrogenesis and proliferation of hUC‑MSCs

We induced chondrogenic differentiation of hUC-MSCs, 
shNC-hUC-MSCs, and shAHR-hUC-MSCs in the pres-
ence of 200 μM KYN. As shown in Fig. 5A and B, com-
pared with the control group, KYN treatment significantly 
induced AHR, CYP1A1, and CYP1B1 mRNA expression, 

Fig. 2   OA/RA SF activates AHR and inhibits the chondrogenesis and 
proliferation of hUC-MSCs. A Relative mRNA expression of AHR, 
and downstream genes CYP1A1 and CYP1B1 and B cartilage matrix 
genes SOX-9, COL2A1, and ACAN at day 14 of chondrogenic differ-
entiation (n = 5). C–F Protein levels of AHR, COL2A1, and SOX9 
were analyzed using western blotting at day 14 of chondrogenic dif-
ferentiation. Lamin-B1 and β-actin served as the loading controls, 
respectively. The data represents two independent experiments. 
(n = 5). G–J Immunofluorescence staining of AHR, COL2A1 (G, H), 

and SOX-9 (I, J), and the mean fluorescence intensity was quanti-
fied (scale bar = 25 μm, scale bar = 20 μm) (n = 5). K, L Alcian Blue 
staining for evaluating chondrogenic differentiation of hUC-MSCs 
and the staining eluent was quantified (scale bar = 200  μm) (n = 5). 
M The CCK-8 assay was used to detect the cell vitality of UC-MSCs 
treated with OA or RA SF for 1, 3, 5, and 7 days (n = 4). Each experi-
ment was repeated four-to-five times independently, and the data were 
reported as mean ± SEM. *P < 0.05, **P < 0.01
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but decreased SOX-9, COL2A1, and ACAN expression in 
KYN and KYN + shNC-hUC-MSCs. AHR knockdown sig-
nificantly attenuated KYN-induced AHR expression and 
restored SOX-9 and COL2A1 levels. A similar trend of 
protein expression was revealed by western blotting and 
immunofluorescence staining, AHR knockdown remark-
edly inhibited the activation of AHR (Fig. 5D, E) and 
upregulated SOX-9 and COL2A1 expression compared 
with shNC group (Fig. 5D, F).

Following AHR knockdown, the decreased ECM secre-
tion of hUC-MSCs induced by KYN treatment was effec-
tively abrogated (Fig. 5G). Additionally, the decreased cell 
viability of hUC-MSCs caused by KYN treatment was also 
restored after AHR knockdown (Fig. 5H).

shAHR‑hUC‑MSCs showed a stronger 
chondroprotective effect on OA rats

The homeostasis of the articular microenvironment in OA 
is dysregulated or even disordered. It is unclear whether 
the cartilage protective efficacy of hUC-MSCs is affected 
after injection into the joint cavity. Our results suggest that 
OA SF affects chondrogenesis and proliferation of hUC-
MSCs, probably by activating the KYN–AHR axis in vivo. 
To investigate the role of AHR in the repair of cartilage 
damage by hUC-MSCs in vivo, a surgically induced OA rat 
model was established. All OA rat models received differ-
ent treatments as described in the Methods section. X-rays 
were used to detect knee joint lesions. The imaging results 

Fig. 3   KYN–AHR axis activation suppressed the chondrogenic 
and proliferative activity of hUC-MSCs. A The content of KYN in 
SF from OA, RA patients, and normal donors by HPLC. KYN was 
expressed at a much higher level in synovial fluid of OA and RA 
patients than normal donors (n = 3–5). For 14 days, hUC-MSCs were 
incubated with KYN (0, 100, or 200 M) in the presence of chondro-
genic media. q-PCR assay was used to detect the mRNA expression 
level of AHR and its downstream target genes CYP1A, CYP1B1 (B) 
and chondrogenic markers SOX-9, COL2A1, and ACAN (C) (n = 5). 
D, E The protein expressions of AHR, SOX-9, and COL2A1 were 
detected by Western blot. Lamin-B1 and β-actin served as the load-

ing controls, respectively. The data represent two independent experi-
ments (n = 5). F, G Immunofluorescence staining of AHR, COL2A1, 
and SOX-9. At day 14 of chondrogenic differentiation, and the 
mean fluorescence intensity was quantified (scale bar = 25 μm, scale 
bar = 20 μm) (n = 5). H Alcian blue staining and relative quantitative 
analysis were used to evaluate the effects of KYN on the chondro-
genic differentiation of hUC-MSCs (scale bar = 200  μm) (n = 5). I 
The CCK-8 assay was used to detect the cell vitality of hUC-MSCs 
treated with KYN for 1, 3, 5, and 7 days (n = 4). Each experiment was 
repeated four-to-five times independently, and data were reported as 
mean ± SEM. *P < 0.05, **P < 0.01
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showed that, compared with the sham group, the wear and 
tear of the cartilage surface was significantly more in the OA 
group, and the shNC group also showed mild symptoms of 
joint wear (Fig. 6A). The cartilage surface was smoother 
in both the shAHR and sham groups, and the joint space 
was more obvious than that in the OA and shNC groups 
(Fig. 6A). The radiographic grading score system suggested 
that cartilage lesions in the OA and shNC-hUC-MSC groups 
were significantly higher than those in the shAHR group 
(Fig. 6A). The gross morphology of the knee cartilage and 
the OARSI score showed that compared with the shNC 
group, the shAHR group could significantly attenuate carti-
lage damage and had a better therapeutic effect on cartilage 
regeneration (Fig. 6B). Furthermore, safranin-O and fast 
green staining revealed that both the shNC-hUC-MSC and 
shAHR-hUC-MSC groups attenuated cartilage lesions and 
promoted cartilage regeneration, with the shAHR group hav-
ing more cellularity and fewer superficial layer losses than 
the shNC group (Fig. 6C). Immunohistochemistry revealed 
that cartilage matrix collagen II (Fig. 6D) and aggrecan 

(Fig. 6E) expression levels in the shAHR group were more 
substantial than those in the shNC group and slightly lower 
than those in the sham group. These findings show that 
shAHR-hUC-MSCs significantly reduced cartilage damage 
in the rat model and provided better cartilage protection than 
shNC-hUC-MSCs in the rat OA model.

In addition, we detected the expression of indoleamine 
2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxyge-
nase 2 (TDO2), both of which are rate-limiting enzymes 
in the TRP–KYN metabolic pathway, in the synovial tis-
sues of normal people (post-trauma), OA patients, and RA 
patients, as well as in the synovial tissues of normal rats, 
OA rats, and adjuvant arthritis (AA, animal model for RA) 
rats. The expression of IDO1 and TDO2 was significantly 
higher in the synovial tissues of patients with OA and RA 
than in those of healthy controls (Fig. 6F, G), and the same 
results were observed in the synovial tissues of animal mod-
els (Fig. 6H, I). These findings suggest that the TRP–KYN 
metabolic pathway is abnormally activated in the joints of 
OA and RA patients and that the resulting alteration of the 

Fig. 4   Lentiviral transfection to knockdown AHR in hUC-MSCs. A 
Relative mRNA expression of AHR in control, shNC, and shAHR 
groups (n = 5). B, C Protein levels of AHR in the control, shNC, 
and shAHR groups (n = 5). D Images of GFP-positive hUC-MSCs 
under a normal microscope and a fluorescence microscope (scale 

bar = 200 μm). E The phenotype identification of shAHR-hUC-MSCs 
using flow cytometry (n = 3, all histograms show specific membrane 
antigen in green and control isotype-specific IgGs in red). The data 
are shown as mean ± SEM for triplicate. *P < 0.05
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articular cavity microenvironment may be detrimental to the 
therapeutic effects of MSC articular injection therapy.

Discussion

MSCs, especially UC-MSCs, have been proved to be a pro-
spective candidate for management of cartilage-related dis-
eases both in preclinical and clinical studies due to their 
anti-inflammation, immune privilege, and multilineage 
differentiation abilities [6, 32]. However, despite aforesaid 
superiorities, as a cell-based therapeutic strategy, MSCs 
were sensitive to environmental issues. Pathological micro-
environment, such as inflammation and oxidative stress, 
altered the therapeutic potential of MSCs via inducing apop-
tosis/autophagy and transforming paracrine signaling [15, 
33, 34]. In this study, we demonstrated that the chondro-
genic efficiency of hUC-MSCs is influenced by the articu-
lar microenvironment in which they are present. The SF of 
OA patients suppresses chondrogenic differentiation and 

proliferation of hUC-MSCs through ligand-mediated trans-
activation of AHR. Furthermore, AHR knockdown blocked 
the preceding inhibition effect and improved the therapeutic 
efficiency of hUC-MSCs for cartilage regeneration in an OA 
rat model.

The therapeutic ability of MSCs in cartilage damage has 
been shown to depend upon their chondrogenic potential and 
paracrine effects. MSCs can differentiate into chondrocytes, 
induce the differentiation of resident progenitor cells, and 
secrete large levels of cytokines to promote cartilage regen-
eration [35, 36]. However, chondrogenic differentiation of 
MSCs in vivo is unstable and susceptible to the microenvi-
ronment [15, 33]. Studies have shown that catabolic factors, 
such as IL-1 or TNF-α in OA SF, inhibit chondrogenesis 
of MSCs; however, blocking IL-1 or TNF-α only partially 
overcomes the inhibitory effect [37], indicating that there 
are additional factors present in OA SF that participate in 
the inhibition of the chondrogenic differentiation of MSCs. 
In our study, we verified that OA SF inhibited chondrogen-
esis and impaired the proliferation of hUC-MSCs. RA SF, 

Fig. 5   AHR knockdown reversed the inhibition effect of KYN treat-
ment on chondrogenesis and proliferation of hUC-MSCs. A, B 
AHR, CYP1A, CYP1B, SOX-9, COL2A1, and ACAN gene expres-
sion were evaluated by quantitative q-PCR (n = 5). C, D Western 
blot analysis of AHR, SOX-9, and COL2A1 protein level. Lamin-
B1 and β-actin served as the loading controls respectively. The data 
represent two independent experiments. (n = 5). E, F Immunofluo-
rescent staining of AHR, COL2A1, and SOX-9 in hUC-MSCs, and 

the mean fluorescence intensity was quantified (scale bar = 25  μm, 
scale bar = 20 μm) (n = 5). G Alcian blue staining and quantification 
(scale bar = 200 μm) (n = 5). H The CCK-8 assay was used to detect 
the cell vitality of shAHR-hUC-MSCs treated with KYN for 1, 3, 5, 
and 7 days (n = 4). Each experiment was repeated four-to-five times 
independently, and data were reported as mean ± SEM. *P < 0.05, 
**P < 0.01
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as the control, also had similar inhibitory effects on hUC-
MSCs, but compared with OA SF groups, RA SF groups 
had stronger suppression effects, which may be due to the 
higher levels of proinflammatory cytokines compared with 
OA SF [38, 39]. Interestingly, we also found that AHR in 
hUC-MSCs was activated after OA SF or RA SF treatment 
in a concentration-dependent manner.

AHR, a ligand-activated nuclear transcription factor 
that exists in MSCs, functions as a master regulator of cell 
signaling pathways and participates in cell proliferation, 
differentiation, and apoptosis [24]. On stimulation, AHR 
translocates from the cytoplasm to the nucleus to mediate 
downstream signal transduction. Several studies observed 
the regulatory function of AHR on the plasticity of MSCs. 

Fig. 6   The effect of shAHR-hUC-MSCs on cartilage protection 
in vivo. A X-ray was used to evaluate the severity of OA in the knee 
joint before the animals were euthanized and the degree of cartilage 
lesions and osteophyte formation were assessed by the Kellgren–
Lawrence scoring system (n = 5). B Gross morphology of articular 
cartilage damage of rats from different group, and cartilage destruc-
tion was evaluated using the OARSI scoring system (n = 5). C 
Safranin O-fast green staining for histopathologically observing the 
articular cartilage damage of rats from different group, and Mankin’s 
score was used to evaluate the degree of cartilage destruction (scale 
bar = 200 μm, scale bar = 100 μm) (n = 5). D, E Immunohistochemi-

cal staining was used for assessing the expression of Collagen II and 
Aggrecan, and their quantitative analysis (scale bar = 200  μm, scale 
bar = 100 μm) (n = 5). F, G Immunohistochemical staining was used 
for assessing the expression of IDO1 and TDO2 in the synovial tis-
sues of healthy (post-trauma) people, OA, and RA patients (scale 
bar = 200 μm, scale bar = 100 μm) (n = 3). H, I Immunohistochemical 
staining was used for assessing the expression of IDO1 and TDO2 in 
the synovial tissues of normal, OA, and RA rats (scale bar = 200 μm, 
scale bar = 100  μm) (n = 3). Data were expressed as means ± SEM. 
*P < 0.05, **P < 0.01
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2,3,7,8-Tetrachlorodibenzo-p-dioxin-activated AHR has 
been shown to impair the osteogenesis of MSCs via inhibit-
ing a variety of downstream osteogenic-related signals [40, 
41]. Meanwhile, benzo(a)pyrene-activated AHR inhibit adi-
pogenesis of human bone marrow-derived MSCs in an AHR-
dependent manner [42]. These results suggest a role for AHR 
in modulating MSCs’ differentiation, whereas the functions 
of AHR on MSCs’ chondrogenesis are remain unclear. The 
levels of tryptophan and its metabolites, such as KYN, are 
abnormally increased in OA SF [17, 18]. KYN is an endog-
enous ligand of AHR. Thus, we speculated that transactiva-
tion of AHR was induced by KYN and was involved in the 
inhibitory effects of OA SF on hUC-MSCs. To verify this, 
hUC-MSCs were directly incubated with KYN at different 
doses, and KYN induced AHR activation and suppressed 
chondrogenesis and proliferation of hUC-MSCs.

To further confirm the role of AHR in chondrogenic dif-
ferentiation and proliferation of hUC-MSCs, we used lenti-
virus transfection to knock down AHR expression to obtain 
shAHR-hUC-MSCs, which retained the characteristics of 
MSCs. KYN significantly rescued chondrogenesis and pro-
liferation of shAHR-hUC-MSCs compared with the hUC-
MSCs group. These results indicate that AHR impedes chon-
drogenic differentiation and proliferation of hUC-MSCs. In 
addition to the in vitro study, an OA rat model based on 
surgery-induced knee joint instability, which can precisely 
simulate the symptoms and pathological manifestations of 

human OA, was used to evaluate the effect of shAHR-hUC-
MSCs in vivo. The intra-articular injection of shAHR-hUC-
MSCs significantly attenuated cartilage damage caused by 
OA and had a better effect on cartilage regeneration than 
shNC-hUC-MSCs. Based on our findings, the elevated 
KYN levels in OA SF and subsequent activation of AHR 
are highly likely part of the reason for the impairment of 
chondrogenesis and chondroprotective effect of hUC-MSCs. 
It is unclear, however, how the KYN levels changed during 
OA progression, and whether other TRP metabolites, such 
as kynurenic acid and quinolinic acid, exert similar inhibi-
tory effect on chondrogenesis of MSCs as KYN, as they are 
endogenous ligands for AHR, as well [43].

Conclusion

In this study, we demonstrated that the OA articular microen-
vironment is not conducive to the therapeutic effect of hUC-
MSCs and is related to the activation of the AHR pathway 
by tryptophan metabolites, which impairs the chondrogenic 
and chondroprotective effects of hUC-MSCs. AHR may 
be a promising target for further improving the therapeutic 
efficacy of hUC-MSCs in the treatment of cartilage-related 
diseases such as OA (Fig. 7). In addition, the efficiency of 
Trp metabolic enzymes’ (TDO2 and IDO1) inhibitors on 
improving the MSCs’ chondroprotective function in OA 

Fig. 7   Activation of KYN–AHR axis impairs the chondrogenesis and 
chondroprotective effects of hUC-MSCs. KYN–AHR pathway on the 
chondrogenic and chondroprotective effects of hUC-MSCs, which 

provided a theoretical basis for the clinical MSCs’ applications in the 
treatment of cartilage destruction diseases, such as OA
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needs to be tested in further study, as they may inhibit AHR 
activation via block KYN production. All in all, our find-
ings may help develop more effective cartilage regeneration 
strategies for OA.
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