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Abstract
In order to investigate the effect of TN14003 and its mechanism on cartilage degeneration in vitro and in
vivo. P1 chondrocytes isolated from cartilage tissues of OA patients who underwent total knee
arthroplasty were randomly assigned to blank control group, TN14003 group, T140 group, and AMD3100
group in vitro. Each group cells were cultured for 1, 2, 4, 6, 8, 10 days. Cell morphology were observed
under inverted phase-contrast microscope and examined using MTT assay, �ow cytometry, ELISA (MMPs
in the chondrocyte medium) and quantitative real-time PCR (mRNA expressions of Col II and ACAN).
Moreover, 96 male Hartley guinea pigs with spontaneous OA were randomly assigned to examine the
effect of TN14003, T140, and AMD3100 in vivo. After 12 weeks, guinea pigs were sacri�ced, the knee
articular cartilage histopathology was analyzed. No difference in morphology, proliferation rate and
apoptosis among four groups (P > 0.05). The content of MMP-3 and MMP-13, mRNA expression levels of
ACAN and Col II were signi�cantly lower in TN14003 group compared with other groups (P < 0.05).
TN14003 had stronger effect in decreasing cartilage degeneration compared with T140 and AMD3100 in
vivo. TN14003 could effective targeted to prevention and treatment of OA.

Introduction
Osteoarthritis (OA) is one of the most common chronic degenerative joint diseases that cause pain and
disability in adults. OA is characterized by in�ammation and extracellular matrix (ECM) degradation1,2. As
the world population ages, the incidence of OA is dramatically increasing year-by-year3–6. Symptomatic
treatment is the main strategy for OA, yet, so far, no therapy that could fully reverse or terminate the
pathological process of OA has been developed1,7−11.

Recent studies have found that the SDF-1/CXCR4 signaling pathway has a pivotal role in the pathological
process of cartilage degeneration in patients with OA12. CXCR4 antagonists can effectively block the
SDF-1/CXCR4 signaling pathway and reduce the degeneration of articular cartilage in OA patients13–19.
Until now, the FDA has approved few SDF-1/CXCR4 targeted antagonists; the most popular ones being
AMD3100, T140, and TN14003. AMD3100 has been approved by the FDA for the treatment of HIV and
tumors20–23. However, because of the �exible macrocyclic cyclam for the structure, it can bind to metal
ions and form a highly stable metal chelate. In addition, this chelating property may lead to lung and liver
�brosis after long-term treatment24. AMD3100 is a partial antagonist of CXCR4, which has low
antagonistic e�ciency and high cytotoxicity25; its major disadvantages are cardiotoxicity, speci�c
leukocytosis, and poor bioavailability of oral preparations26, which limit its clinical application.

T140 is a complete antagonist of CXCR4. Yet, T140 is not stable in feline serum due to the cleavage of
the C-terminal Arg. Its biological stability is poor, and its antagonistic effect is not de�nite25,27.

TN14003 is a high-a�nity CXCR4 antagonist composed of 14 amino acids, which is synthesized through
C-terminal amidation and N-terminal 4-�uorobenzoyl modi�cation. Its major advantages are stable
chemical properties and low serum toxicity, and a wide range of drug concentrations27,28. In addition,
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TN14003 has better serum stability and lower cytotoxicity than T140; it can effectively block the SDF-
1/CXCR4 signaling pathway, and represent a safe, effective, and stable complete antagonist of the
CXCR4 receptor. Currently, TN14003 is mainly used against tumor and HIV infection28–30, while only a
few data are available regarding its application in OA-related cartilage degeneration.

Thus, the aim of this study was to investigate the effect of TN14003 and its underlying mechanism on
cartilage degeneration in vivo and in vitro. The effect of TN14003 was compared to SDF-1/CXCR4
targeted antagonists, T140 group, and AMD3100.

Results

The chondrocytes identi�cation after digestion
We have successfully isolated chondrocytes from articular cartilage of patients with osteoarthritis. After
digestion, P1 chondrocytes (without the addition of drug) were in a latent growth phase for the �rst 3
days, after which they reached a logarithmic growth phase during days 4 and 8 and a plateau phase at
day 10–12 (Fig. 1a, b). All cells were positive for toluidine blue staining (Fig. 1c), and Col II staining
(Fig. 1d). Moreover, �ow cytometry showed the early, middle, and advanced stages were < 5% (Fig. 2).

Cell morphology after 10 days of drug intervention
After 10 days of drug intervention, the morphological changes of chondrocytes in four groups were not
signi�cantly different. However, the degradation of type 2 collagen was obviously inhibited by TN14003
compared to other groups. Before drug intervention, cell morphology grew from small polygons and small
circles to the fusiform shape. After 10 days of drug intervention, cells in the four groups showed spiral
growth. The cell density and cell morphology were not signi�cantly different between groups (Fig. 3 − 1).
Also, the highest expression of Col II was observed in the TN14003 group, followed by the T140 group;
the AMD3100 group was signi�cantly lower than the T140 group (P < 0.05; Fig. 3 − 2). MTT assay
indicated that there was no signi�cant difference in cell proliferation between the four groups at the same
time point (Fig. <link rid="�g3">3</link>–3).

Cell viability and apoptosis after 10 days of drug
intervention
As shown in Fig. <link rid="�g3">3</link>–3, cells treated with the drug showed similar growth phases as
those without drug intervention (see above). There was no signi�cant difference in cell proliferation
between the four groups at the same time point (P > 0.05). Moreover, �ow cytometry showed no
signi�cant difference in the apoptotic rate among the four groups (P > 0.05; Fig. 4 − 1, 4 − 2). These data
suggested that drugs (TN14003, T140, AMD3100) at a concentration of 1000 nmol/L had no signi�cant
effect on the proliferation and apoptosis of OA chondrocytes.
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The content of MMPs in the chondrocyte medium
TN14003 can signi�cantly slow down the release rate of MMP-3 and MMP-13 compared to other groups.
The content of MMP-3 and MMP-13 decreased in a time-dependent manner in all groups, and at the same
time point, the contents of MMP-3 and MMP-13 secreted into the medium by chondrocytes in the group
of TN14003, T140, AMD3100, and blank control were successively decreased (P < 0.05). The MMP-3 and
MMP-13 were signi�cantly lower in the TN14003 group at all-time points compared to the other groups
(P < 0.05; Fig. 5).

The mRNA expressions of Col II and ACAN in chondrocytes
TN14003 can signi�cantly decrease the mRNA expressions of Col II and ACAN in chondrocytes compared
to other groups. The mRNA expression levels of ACAN and Col II in the TN14003, T140, AMD3100, and
blank control groups decreased in a time-dependent manner. The mRNA expression levels of ACAN and
Col II were signi�cantly higher in the TN14003 group at all-time points compared to the other three groups
(P < 0.05); the T140 group had higher levels compared to AMD3100 group and control group (P < 0.05).
The lowest level was detected in the control group. All data are re-shown in Fig. 6.

H&E staining and Safranin O staining of knee cartilage
tissue in Hartley guinea pig
We further examined the effect of TN14003, T140, and AMD3100 on articular cartilage tissues in vivo. In
the TN14003 group, the basic structures of the knee cartilage (surface layer, migration layer, deep layer,
and cartilage matrix calci�cation layer) were clear; the super�cial cells were thickened, and the
chondrocytes were densely arranged; the nuclei were uniformly stained, and the cartilage surface was �at;
the number of cells was large. In the T140 group and AMD3100 group, the chondrocytes were densely
arranged; the nuclei were uniformly stained, and the cartilage surface was �at, and the number of cells
was large. In the blank control group, the super�cial cells were exfoliated; cells in the migration layer were
fusiform; cells in the deep and calci�cation layers were dissociated outward; the chondrocytes were
disorderly arranged; the cartilage surface was not �at, and the nuclear staining was not uniform; the
number of cells was small (Fig. 7 − 1).

In the TN14003 group, cartilage tissue had a strong a�nity to safranin O staining, and deep staining of
the matrix was dark; proteoglycan content was obvious, and chondrocytes were evenly arranged, while
the cartilage surface was more �at. In the T140 group, the chondrocytes were densely arranged, and the
nuclear staining of chondrocyte was more uniform; the cartilage surface was slightly �at. In the
AMD3100 group, the chondrocytes were slightly aligned, and the nuclear staining of chondrocyte was
slightly uniform; the cartilage surface was slightly �at. In the blank control group, the cartilage surface
was not �at, and the cartilage tissue had a reduced a�nity to safranin O staining. The nucleus was
uniformly stained, and the staining was lighter; the proteoglycan content was signi�cantly reduced, and
the cells were disorderly arranged (Fig. 7 − 2). This indicated that the cartilage in the TN14003 group
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basically had no degeneration, and that in the T140 and AMD3100 groups had slight degeneration, but
that in the blank control group had obvious degeneration.

Results of the Modi�ed Mankin grading system
The Mankin histological scores of cartilage in the TN14003, T140, AMD3100, and blank control groups
were successively increased, and the observed differences were statistically signi�cant (P < 0.05). The
degree of cartilage degeneration was the lowest in the TN14003 group (Fig. 7 − 3).

Discussion
The SDF-1/CXCR4 signaling pathway has a pivotal role in the pathological processes of OA12,31. Previous
studies have demonstrated that SDF-1 can lead to the Col II degradation of human articular cartilage, and
induce the expression and secretion of MMP-3 and MMP-13 at the mRNA level32. When SDF-1 binds to
CXCR4, it activates phosphorylated extracellular signal-regulated kinase (ERK)19,33, related kinases
(p38MAPK) and other signaling downstream pathways34,35. In addition, it stimulates synovial
membranes and chondrocytes to secrete matrix metalloproteinases (MMPs) and degrade cartilage
extracellular matrix (ECM), thus promoting joint degeneration and inducing OA36–40. Our previous studies
suggested that CXCR4 antagonists could regulate the cartilage degradation induced by SDF-1 by
blocking the SDF-1/CXCR4 signaling pathway; increase the expression levels of Col II and ACAN in OA
cartilage tissues, and promote the synthesis of Col II15,30. In this experiment, chondrocytes of OA patients
were treated with CXCR4 antagonists for ten days. No difference in morphology, proliferation rate, and
apoptosis were observed between AMD3100, T140 and TN14003. Moreover, the results showed that
TN14003, T140, and AMD3100 could reduce the secretion of MMP-3 and MMP-13 in a time-dependent
manner. In addition, those drugs decreased the mRNA expression levels of ACAN and Col II decreased in a
time-dependent manner; mRNA expression levels of ACAN and Col II were signi�cantly higher, and the
MMP-3 and MMP-13 were signi�cantly lower in TN14003 group compared to other three groups (all P < 
0.05); these levels were signi�cantly lower in TN14003 compared to T140, and AMD3100. The observed
differences might be explained with the fact that TN14003 is a derivative of T140, and thus has a higher
stability and low cytotoxicity28,30,41. AMD3100, on the other hand, is a partial antagonist of CXCR4, which
has low antagonistic e�ciency and high cytotoxicity25.

Furthermore, we examined the effect of drugs in the Hartley guinea pig model with spontaneous OA. After
12 weeks of conventional breeding, animals were sacri�ced, and articular cartilages of knees were
collected and analyzed by H&E and safranin O staining. The basic structures of articular cartilage were
clear; chondrocytes were densely arranged; the nuclei were uniformly stained, and the cartilage surface
was �at. This was not observed in the control group. Further modi�ed Mankin score showed that the
TN14003 group had the lowest score indicating that TN14003, T140, and AMD3100 could target block
SDF-1/CXCR4 signaling pathway and reduce the degeneration of knee cartilage tissues in vivo.
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To sum up, our data indicated that TN14003 could decrease OA-related cartilage degeneration by
blocking the SDF-1/CXCR4 signaling pathway. TN14003 showed a superior effect in protecting the
cartilage from degeneration compared to T140, and AMD3100. Given its high antagonistic e�ciency and
good biological stability, it could be used as an effective and safe targeted drug for the prevention and
treatment of OA. If TN14003 is prepared to be a biological agent for local injection in the joint, it will not
only improve the effect of locally targeted therapy but also avoid the adverse effects of TN14003
systemic administration on other tissues and organs.

Methods
Patients

Thirty patients with con�rmed OA (18 males and 12 females; age range: 49-70 years, mean age: 62 ± 5.24
years) undergoing total knee arthroplasty at First A�liated Hospital of Kunming Medical University were
recruited. Cartilage tissues from tibial and femoral osteotomy (modi�ed Mankin score of 0 or 1) were
collected during surgery. The study was approved by the Ethics Committee of First A�liated Hospital of
Kunming Medical University, and the informed consent was obtained from all patients.

P1 chondrocytes isolation

Chondrocytes were isolated from cartilage tissues following a previously described approach30. Brie�y,
after collection, cartilage tissues were cut in 1mm × 1mm × 1mm size in the clean bench and were then
transferred into 6-well plates. Samples were then treated with 0.25% trypsin and type II collagenase for
digestion (Gibco, USA), and centrifuged in a centrifuge tube. After washing with sterile PBS, cells were
seeded into a 25 cm2 culture �ask (5mL/bottle) at a cell density of 1 × 105/mL, and cultured in a
humidi�ed incubator containing 5%CO2/95% air at 37ºC. The medium was changed every 3 days. When
cells reached 80%-90% in con�uence, the subculture was performed.

Experimental grouping

P1 chondrocytes were randomly assigned to four groups: blank control group, TN14003 group, T140
group, and AMD3100 group. Each group was cultured in high-glucose DMEM containing 10% fetal bovine
serum and double antibody (100 U/mL penicillin + 0.1 mg/mL streptomycin). The TN14003 group was
treated with 1000nmol/L TN14003 and 100ng/mL SDF-1; the T140 group with 1000nmol/L T140 and
100ng/mL SDF-1; the AMD3100 group with 1000nmol/L AMD3100 and 100ng/mL SDF-1; only
100ng/mL SDF-1 was added to the blank control group. All drugs were mixed in DMEM for 1 hour, and
then with SDF-1 (Peprotech, USA). The cells of the four groups were cultured for 1, 2, 4, 6, 8, and 10 days.
After each time point, cells were examined using MMT assay (cell viability), �ow cytometry (cell
apoptosis), ELISA, Quantitative real-time PCR; each method is described in detail in the following
paragraph. The medium was changed every 4 days. Also, cell morphology and the number of cells were
observed under an inverted phase-contrast microscope (Olympus, Japan). After treatment, cells were
stained with Col II.
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MTT assay

A total of 1 × 104/mL cells from each group with their corresponding drugs were plated in 96-well plates
and incubated for 1, 2, 4, 6, 8, and 10 days. After each time point, 20μl of sterile MTT dye (5 mg/mL;
Amresco, USA) was added to each well and incubated for another 4h at 37°C. After removal of the
medium, 200 μl of DMSO (DMSO, Amresco, USA) was added to each well and properly mixed for another
10 min. The absorbance at 570nm was determined using a microplate reader (BioTek, USA). IC50 values
were calculated from the linear regression of the plot.

Flow cytometry

A total of 1 × 105/mL cells from each group with their corresponding drugs were plated in 6-well plates
and incubated for 2, 4, 6, 8, and 10 days. After each time point, All cells were collected and treated with
AnnexinV/PI staining (Invitrogen, USA). After each time point, cell were collected in the centrifuge tubes
and centrifuged at 1000 rpm for 5 min. After that, the supernatant was discarded. Then, the cells were
resuspended in PBS and the cells were resuspended in 1 × 106/mL. The cells were centrifuged at
1000rpm for 5 min. The supernatant was discarded and 5 μL of the diluted 1 × conjugate was pipetted. 5
μL of PI and Annexin V-FITC staining were added respectively, cells were mixed at room temperature
away from light for 15 min, then 400 μL of diluted 1 × liquid was added, and cells were mixedin the dark
place with ice bath. Cell suspension were �ltered with 300 mesh nylon mesh before detection. After
detection, the testing was under 488 nm excitation wavelength and 525 nm emission wavelength was
used.The apoptotic rate of the four groups was detected on a �ow cytometer (Partec, Germany).

ELISA

A total of 1 × 105/mL cells from each group with their corresponding drugs were plated in 6-well plates
and incubated for 2, 4, 6, 8, and 10 days. After each time point, 500ul medium was collected and quickly
cryopreserved in -80 °C refrigerator. the concentration of MMP-3 and MMP-13 in four groups at each time
point were detected by ELISA kit (R & D Systems) according to the manufacturer’s protocol, respectively.
Brie�y, the micro ELISA plate has been pro-coated with an antibody speci�c to MMP-3 and MMP-13, and
the appropriate medium samples were added in each microplate well, followed with incubation for 90 min
at 37 °C. After washing with wash buffer, the corresponding secondary antibody was applied. After
incubation for 60 min, the plates were washed again. The optical density was measured
spectrophotometrically at a wavelength of 450 nm. The concentration of MMP-3 and MMP-13 was
calculated from a standard curve.

Quantitative real-time PCR

A total of 1 × 105/mL cells from each group with their corresponding drugs were plated in 6-well plates
and incubated for 2, 4, 6, 8, and 10 days. After each time point, the total RNA was extracted using TRNzol-
A+ Reagent Total RNA Extraction Kit and were then reversely transcribed in cDNA using a PrimeScript®
RT reagent Kit Perfect Real-Time kit, following the manufacturer’s instructions. After the reverse
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transcription was completed, the obtained cDNA was stored at -80 °C or -20 °C for PCR detection. The
NCBI GeneBank database was searched to �nd the gene sequences of human Col II and ACAN. The
General Biosystems (Anhui) Corporation Limited was commissioned to design and synthesize each gene
primer. The primer sequence of each gene and the length of the ampli�ed DNA fragment are shown in
Table 1. The PCR reaction conditions were as follows: Stage 1: pre-denaturation, Reps: 1, 95 °C for 15
min; Stage 2: PCR reaction, Reps: 40, 95 °C for 10s, 60 °C for 30s; Stage 3: melting curve analysis, Reps: 1,
95 °C for 15s, 60 °C for 20s, 95 °C for 15s. The relative quantitative analysis method was used. The CT
value represented the number of cycles at which the target ampli�ed product reached the set threshold.
The ampli�cation fold change of the target gene in the test specimen relative to the control=2 -△△CT. The
formula was as follows: △ CT = CT (target gene) -CT (reference gene); △△ CT = △ CT (experimental
group)-△ CT (control group).

In this study, the blank control group in the 2-day group of the OA cartilage group was used as a
reference, and the relative quantitative 2-△△CT method was used, while the fold change for each group
was 2 -△△CT. Data in the experimental group were analyzed by SPSS (version 20) software. The values of
each group were expressed as mean ± standard deviation (± S), and analysis of variance was adopted; α
= 0.05 was used as the signi�cant level.

Spontaneous OA Animals and grouping

As the Hartley guinea pig is an accepted model for spontaneous Osteoarthritis, the Osteoarthritis
Research Society International (OARSI) has developed guidelines on the histologic examination of knee
joints from these animals42. So, we used Hartley guinea pigs because these animals spontaneously
develop degenerative cartilage changes in the knee joint that mimic those of human OA. A total of 96
male Hartley guinea pigs, 6-month-old, were obtained from Institute of Zoology, Chinese Academy of
Sciences (No. TBA287640-334). All the animals were housed in an environment with a temperature of 20-
25 ºC, a relative humidity of 50%-60%, and a light/dark cycle of 12 hr. All animal studies (including the
mice euthanasia procedure) were done in compliance with the regulations and guidelines of Kunming
medical University animal care and conducted according to the IACUC guidelines.

Hartley guinea pigs with spontaneous OA were then randomly assigned to four groups (24 pigs/group):
TN14003 group, T140 group, and AMD3100 group and control group. Four groups were subcutaneously
implanted Alzet osmotic pumps into the back, and each group was pumped with TN14003, T140, and
AMD3100, respectively at a concentration of 180 g/mL daily; the blank control group was injected with
saline. After 12 weeks of conventional breeding, guinea pigs were sacri�ced by intraperitoneal injection
with pentobarbital sodium (30mg/kg), and articular cartilages from knees were collected; morphological
detection of cartilage (H&E staining and safranin O staining), and the Modi�ed Mankin grading system
were performed.

Statistical analysis
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The data were analyzed by SPSS (version 20) software package. All data were presented as mean ±
standard deviation (± S). The difference between groups was analyzed by Analysis of Variance, Mann-
Whitney U test, and χ2 test when applicable. A P-value of < 0.05 was considered statistically signi�cant.
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Table 1 The sequence of primers Col II, ACAN, and hGAPDH.

Gene detected PCR primer sequence (5' to 3') DNA fragment

Col II primer-F AAGGATGTGTGGAAGCCGGA 101bp

Col II primer-R CTGAGGCAGTCTTTCACGTCT  

ACAN primer-F CTTCTGCAACTGAAGTGCCCTC 198bp

ACAN primer-R GCTCTTCCGAGGCTGATGGTT  

hGAPDH-F TGTTGCCATCAATGACCCCT 177bp

hGAPDH-R TCGCCCCACTTGATTTTGGA  
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Figure 1

Morphology of primary and P1 chondrocytes of OA patients. Chondrocytes were successfully isolated
from OA cartilage and identi�ed by toluidine blue staining and type II collagen staining. (a) primary
chondrocytes cultured for 16 days (× 40 times). (b) The growth curve of P1 chondrocytes. (c) P1
chondrocytes were positive for toluidine blue staining (× 100 times; × 200 times). (d) Col II
immunohistochemical staining of cultured P1 chondrocytes (× 200 times).
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Figure 2

Apoptotic rate of P1 chondrocytes by �ow cytometry. The apoptosis rate of chondrocyte was less than
5%, it showed that chondrocyte was vigorous and suitable for the next experiment. (a) Annexin FITC-V
staining. (b) PI along staining. (c) Annexin FITC-V and PI staining. (d) Blank control.
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Figure 3

(3-1) At day 10 of a drug intervention, cells in the four groups showed signi�cant spiral growth, and cell
density and cell morphology were not signi�cantly different. It showed that the three drugs (TN14003,
T140 and AMD3100) have no signi�cant effect on chondrocyte growth at 1000nmol/L concentration. (a)
TN14003 group × 40 times. (b) T140 group × 40 times. (c) AMD3100 group × 40 times. (d) Blank control
group × 40 times. (3-2) After 10 days of drug intervention culture, immunohistochemical staining for Col
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II. It showed that TN14003 can delay the degradation of type II collagen in chondrocyte compared to
T140 and AMD3100. (a) TN14003 group × 200 times. (b) T140 group × 200 times. (c) AMD3100 group ×
200 times. (d) Blank control group × 200 times. (3-3) There was no signi�cant difference in cell
proliferation between the four groups at the same time point (MTT assay).

Figure 4
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Flow cytometry showed that drugs (TN14003, T140, AMD3100) at a concentration of 1000 nmol/L had
no signi�cant effect on the proliferation and apoptosis of OA chondrocytes. (4-1) Total apoptotic rate of
chondrocytes �ow cytometry. (a) TN14003 group. (b) T140 group. (c) AMD3100 group. (d) Blank control
group. (4-2) Flow cytometry showed no signi�cant difference in the apoptotic rate among the four groups

Figure 5

Detection of MMP-3 and MMP-13 content in the OA chondrocyte medium by ELISA. It showed that
TN14003 can reduce the release of MMP-3 and MMP-13 in chondrocytes at all-time points compared to
the other groups.
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Figure 6

The mRNA expression levels of ACAN and Col II were signi�cantly higher in the TN14003 group at all-time
points compared to the other three groups. (6-1) qPCR detection of mRNA expressions of Col II in
chondrocytes. (6-2) qPCR detection of mRNA expressions of ACAN in chondrocytes.
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Figure 7

TN14003 can reduce the degeneration of articular cartilage. (7-1) H&E staining of knee cartilage tissues.
(a) TN14003 group × 100 times. (b) T140 group × 100 times. (c) AMD3100 group × 100 times. (d) Control
group × 100 times. (7-2) Safranin O staining of knee cartilage tissues. (a) TN14003 group × 100 times.
(b) T140 group × 100 times. (c) AMD3100 group × 100 times. (d) Control group × 100 times. (7-3)
Histogram analysis of Mankin histological score.


