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Abstract. The present study was designed to investigate the 
effects of T cells on the proliferation and osteogenic differen‑
tiation of bone marrow mesenchymal stem cells (BMMSCs). 
BMMSCs were co‑cultured with CD4+ T cells that had been 
pretreated with anti‑TNF‑α or controls and were derived 
from ovariectomized (OVX) mice or sham control mice. 
MTT was used to assess the proliferative ability of BMMSCs 
and flow cytometry was used to analyze the BMMSC cell 
cycle. Following the induction of osteogenic differentiation 
in BMMSCs, calcium nodules were observed using alizarin 
red staining and alkaline phosphatase (ALP) staining. The 
expression levels of the osteogenesis‑associated genes, runt 
related transcription factor 2 (Runx2) and osteocalcin (OCN) 
in BMMSCs were quantified using reverse transcription‑quan‑
titative PCR and western blotting. Osteogenesis‑related 
signaling pathways, including ERK, JNK and p38 MAPK 
were also examined by western blotting. BMMSCs 
co‑cultured with CD4+ T cells from OVX mice exhibited 
reduced proliferative ability compared with sham mice and 
the cell cycle was arrested at the G2/M phase. Additionally, 
BMMSCs co‑cultured with CD4+ T cells from OVX mice 
presented with reduced levels of osteogenic differentiation 
and lower ALP activity, less calcium deposition and reduced 
expression of Runx2 and OCN compared with sham mice. The 
reduced levels of proliferation and osteogenic differentiation 
of BMMSCs induced by CD4+ T cells were not seen when 
the T cells were had been pretreated with anti‑TNF‑α. The 

results indicated that CD4+ T cells from OVX mice inhibited 
the proliferation and osteogenic differentiation of BMMSCs 
by producing high levels of TNF‑α and may provide a novel 
insight into the dysfunction of BMMSCs caused by estrogen 
deficiency.

Introduction

Osteoporosis is a metabolic disease of the bones char‑
acterized by low bone mass and the micro‑architectural 
deterioration of bone tissue (1). This disease causes bones 
to break more easily in affected individuals compared 
with normal, healthy patients. Osteoporosis is particularly 
common in older women (2). In 2017, it was estimated that 
>200 million people worldwide suffer from osteoporosis (3). 
In the USA, ~50% of all postmenopausal women had osteo‑
porosis in 2018 (4). Postmenopausal osteoporosis (PMO) 
occurs as a result of decreased estrogen levels and increased 
bone immune function, resulting in an imbalance in bone 
remodeling (5). Estrogen is a well‑known regulator of the 
immune system and T‑cell function (6) and regulates T cell 
activation via the classical estrogen receptor pathway (7). As 
it is currently understood, T cells serve a pivotal role in the 
pathogenesis of PMO (8). In ovariectomized (OVX) mice, an 
animal model of PMO, increased proliferation of activated 
T cells has been observed (9). Furthermore, several subsets 
of T cells, including CD4+ T cells, have been demonstrated 
to be present at increased levels in the peripheral blood of 
patients with osteoporosis (10). In a study where bone loss 
was induced in nude mice via ovariectomy, levels were 
subsequently restored by transferring wild‑type T cells 
into the mice (8). Additionally, depletion of T cells can be 
counteracted anti‑CD4/CD8 antibody treatment, which 
protects OVX mice from ovariectomy‑associated bone 
loss (11). Recently, Song et al (12) discovered that vascular 
endothelial cells secrete exosomes that attenuate bone loss 
via microRNA‑155 in OVX mice. Additional studies have 
reported that estrogen reduction promoted the proliferation 
of T cells and that activated T cells expressed high levels of 
pro‑osteoclastogenic cytokines, TNF‑α and receptor activator 
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of the NF‑κB ligand (13‑15), which promote the activation of 
osteoclasts and break the dynamic balance of bones (16,17). 
These findings indicated that the activation of T cells promotes 
osteoclastogenesis.

Mesenchymal stem cells (MSCs) are ideal multipotent 
stem cells for tissue regeneration due to their excellent 
capacities for proliferation and differentiation. After differ‑
entiation is induced in vitro or in vivo, MSCs can differentiate 
into several types of tissues, including fat, muscle, bone, 
cartilage, tendon, ligament, nerve and liver tissue (18‑20). 
As a type of MSC, bone marrow mesenchymal stem cells 
(BMMSCs) are widely used in studies of bone regeneration 
due to their properties of multipotency and active prolifera‑
tion (21). BMMSCs are a class of adult stem cells present 
in the bone marrow stroma and participate in the forma‑
tion of the bone marrow microenvironment. Furthermore, 
BMMSCs have the potential to differentiate into mesoderm 
and neuroectoderm‑derived tissue cells (22). Functional 
defects, including decreased proliferative activity and 
decreased osteogenic differentiation of BMMSCs, lead to 
the onset of PMO (23).

Current research is largely focused on the interaction 
between T cells and osteoblasts and osteoclasts (24), while 
there are few reports on the effects of T cells on the prolifera‑
tion and differentiation of BMMSCs (25,26). In the present 
study, an osteoporosis model was established in order to 
elucidate the effects of T cells on the proliferation and differ‑
entiation of BMMSCs and to further explore the pathogenesis 
of PMO.

Materials and methods

Reagents and chemicals. A variety of reagents and chemicals 
were used in the current study, including: α‑minimum essen‑
tial medium (MEM; Gibco; Thermo Fisher Scientific, Inc.), 
trypsin (Gibco; Thermo Fisher Scientific, Inc.), FBS (Tianhang; 
Zhejiang Tianhang Biotechnology Co., Ltd.), phenol red‑free 
α‑MEM (Gibco; Thermo Fisher Scientific, Inc.), RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.), a total 
RNA extraction kit (Takara Bio, Inc.), a one‑step reverse 
transcription‑PCR kit (Takara Bio. Inc.) and magnetic beads 
coated with anti‑mouse CD4 antibodies (Miltenyi Biotec., 
Inc.), CD3 and CD28 (both, BD Biosciences), a volumetric 
microscope, an inverted phase contrast microscope and 
camera system (Olympus Corporation), a flow cytometer 
(Beckman Coulter, Inc.), an Alkaline Phosphatase Staining kit 
(cat. no. P0321; Beyotime Institute of Biotechnology), a mouse 
TNF‑α ELISA kit (cat. no. MTA00B; R&D Systems, Inc.), 
anti‑TNF‑α antibodies (cat. no. AF‑410‑NA; R&D Systems, 
Inc.), FITC‑conjugated anti‑CD3 (cat. no. 11‑0032‑82; eBio‑
science; Thermo Fisher Scientific, Inc.), allophycocyanin 
(APC)‑conjugated anti‑CD4 (cat. no. 17‑0042‑82; eBioscience; 
Thermo Fisher Scientific, Inc.), phycoerythrin (PE)‑conjugated 
anti‑CD69 (cat. no. 12‑0691‑82; eBioscience; Thermo Fisher 
Scientific, Inc.) and Armenian hamster IgG isotype 
control (cat. no. 12‑4888‑81; eBioscience; Thermo Fisher 
Scientific, Inc.). Furthermore, anti‑runt related transcription 
factor 2 (Runx2; cat. no. ab76956), anti‑osteocalcin (OCN; 
cat. no. ab93876), anti‑p‑ERK (cat. no. ab217322), anti‑ERK 
(cat. no. ab17942), anti‑p‑JNK (cat. no. ab4821), anti‑JNK 

(cat. no. ab112501), anti‑p‑P38 (cat. no. ab47363), anti‑P38 
(cat no. ab197348) and anti‑β‑actin (cat. no. ab8227) were 
purchased from Abcam and used for the current research.

PMO mouse model. Animal studies were reviewed and 
approved by the Animal Care and Use Committee of 
Chongqing Medical University (Chongqing, China; approval 
no. 2018101702) and carried out according to their guidelines. 
A total of 30 female C57BL/6 mice (age, 6‑8 weeks; weight, 
21‑25 g) were housed in a room at a humidity of 50±10% and a 
controlled temperature of 25±1˚C with 12‑h light/dark cycles. 
The mice were maintained in an individually ventilated cage 
system and provided with free access to sterile food and water. 
The mice were randomly divided into either the OVX group 
(n=15) or the sham group (n=15). Mice were anesthetized with 
an intraperitoneal injection of 50 mg/kg sodium pentobarbital. 
Bilateral ovaries of the mice in the OVX group were removed, 
while in the sham group, 1 g of adipose tissue surrounding 
bilateral ovaries (distance from ovaries, ~0.5 cm) was removed. 
After one month, a micro‑CT was performed to validate the 
success of the model. Mice were sacrificed by cervical dislo‑
cation and 1 ml of blood was collected from the abdominal 
aorta of each mouse. For serum collection, blood was allowed 
to coagulate for 30 min at room temperature, followed by 
centrifugation at 2,000 x g for 10 min at 4˚C. Serum estra‑
diol levels were determined using a mouse estrogen ELISA 
kit (cat. no. KGE014; R&D Systems, Inc.), according to the 
manufacturer's protocol.

Flow cytometry. The mice from the OVX and sham group 
were sacrificed by cervical dislocation and soaked in ethanol 
for 5 min. Spleens were excised, mixed with Hanks' balanced 
salt solution (Gibco; Thermo Fisher Scientific, Inc.) and 
tissues were crushed through the mesh filter for mincing. 
Following washing with PBS and treatment with a Red 
Blood Cell Lysis buffer (cat. no. C3702; Beyotime Institute 
of Biotechnology), a total of 2x106 cells were suspended in 
flow tubes with 100 µl of FACS staining buffer (2% FBS in 
PBS) and incubated with FITC conjugated anti‑CD3 (1:200), 
APC‑conjugated anti‑CD4 (1:150), PE‑conjugated anti‑CD69 
(1:100) and IgG isotype control (1:100) antibodies in the 
dark at 4˚C for 20 min. Following fixation in 2% formalin 
at room temperature for 20 min, cells were assessed using a 
FACScan Analyzer with FACSDiva software (version 6.2.1; 
BD Biosciences). Splenocytes were initially gated using 
forward and side scatter properties and CD4+ T cells were 
subsequently gated.

Isolation and culture of CD4+ T cells. Spleen single cell 
suspensions from the OVX and sham groups were incu‑
bated with magnetic beads coated with an anti‑mouse CD4 
antibodies. CD4+ T cells were isolated strictly according to 
the manufacturer's protocol. These purified cells were then 
subjected to RNA isolation in order to determine the expres‑
sion levels of the proinflammatory cytokines IL‑2, IFN‑γ and 
TNF‑α.

Purified T cells were maintained in RPMI‑1640 medium 
(containing 10% FBS) at 37˚C with 5% CO2 and seeded into a 
12‑well plate at a density of 1x105 cells/well. Following 24 h of 
culturing, the TNF‑α level in the culture supernatant of T cells 
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was determined using a TNF‑α ELISA kit, according to the 
manufacturer's protocol. The detection limit of this kit was 
10.9‑700 pg/ml.

T cells co‑culture with BMMSCs. BMMSCs were 
isolated from the tibia and femur of mice, as previously 
described (27). Following three passages, BMMSCs were 
collected. The positive surface markers (CD29 and CD90) 
and the negative surface markers (CD34 and CD45) for 
BMMSCs (27,28) were analyzed by f low cytometry. 
MSCs were immunostained with FITC‑conjugated anti‑
bodies against CD90 (cat. no. 11‑0909‑42; 1:20), CD45 
(cat. no. 11‑0451‑82; 1:100), CD34 (cat. no. 11‑0341‑82; 1:100) 
and CD29 (cat. no. 11‑0291‑82; 1:50) at room temperature 
for 1 h. All antibodies were purchased from eBioscience, 
Thermo Fisher Scientific, Inc. Analysis was performed using 
a FACScan Analyzer and FACSDiva software (version 6.2.1; 
BD Biosciences) and the results demonstrated that the isolated 
BMMSCs were a relatively pure population of stromal cells 
that were negative for CD34 and CD45, and positive for CD29 
and CD90 (Fig. S1). The single cell suspension from whole 
bone marrow was briefly cultured at 37˚C with 5% CO2 in 
α‑MEM (containing 20% FBS). Following 24 h of culturing, 
the medium was replaced every 3 days after discarding the 
unattached cells and passaging was performed when cell 
confluence reached 80%.

A total of 2x106 CD4+ T cells from the sham group and 
OVX group were collected in cell culture plates, which 
were pre‑coated with anti‑CD3 (5 µg/ml) antibodies for 4 h 
and anti‑CD28 (2 µg/ml) antibodies for 12 h, as previously 
described (28‑30), and treated with anti‑TNF‑α (1 ng/ml) 
antibodies for 2 h at room temperature. At a concentration 
of 1x105 cells/well, T cells with anti‑TNF‑α antibody treat‑
ment or an equal volume of PBS from the sham group or 
OVX group were then transferred to 96‑well culture plates 
pre‑populated with BMMSCs (2x104 BMMSCs/well) and 
cultured for 7 days. The control group was the well that 
contained only BMMSCs.

MTT assay. A total of 1x103/well T cells, with or without 
anti‑TNF‑α pretreatment, from the sham group and OVX 
group were added to BMMSC‑coated wells (1.5x103 cells/well) 
in 96‑well plates. At the indicated time (1, 2, 3, 4, 5, 6 or 
7 days), 20 µl of MTT solution (5 g/l) was added to each well. 
Following incubation for 4 h, the supernatant was discarded, 
150 µl of DMSO was added to each well and the solution was 
mixed for 10 min. OD values at 450 nm were determined using 
a Biotek Synergy H1 plate reader (BioTek Instruments, Inc.).

Cell cycle analysis. Cells were gathered and fixed with 
70% ethanol at 4˚C overnight. Cells were subsequently 
treated with ribonuclease A (20 µg/ml; Sigma‑Aldrich; 
Merck KGaA) and incubated with propidium iodide 
(50 µg/ml; Sigma‑Aldrich; Merck KGaA) for 30 min at 37˚C. 
The population of cells in the G2‑M, S and G0‑G1 phases 
were determined using a FACScan Analyzer with FACSDiva 
software (version no. 6.2.1; BD Biosciences).

Alkaline phosphatase staining and Alizarin red staining 
assays. A total of 1x105 T cells with or without anti‑TNF‑α 

treatment from the sham and OVX groups were co‑cultured 
with 5x105 BMMSCs using osteogenic medium into 6‑well 
plates. Following 7 days of culturing, the osteogenic medium 
was discarded. BMMSCs were washed twice with PBS and 
fixed with 4% paraformaldehyde at room temperature for 
30 min. After being washed twice with PBS, the cells were 
treated with a BCIP/NBT solution in the dark for 30 min or 
stained with alizarin red staining solution for 30 min at 37˚C.

Micro‑CT detection. The distal femurs of mice were placed 
parallel to the long axis of the scanning bed, fixed with 
transparent tape and subjected to micro‑CT scanning. The 
obtained microstructural imaging data were reconstructed and 
structural parameters, including bone volume/tissue volume 
(BV/TV), trabecula thickness, trabecula number and bone 
mineral density (BMD) were calculated using Inveon Research 
Workplace software (version no. 2.2; Siemens Healthineers).

RT‑quantitative (RT‑qPCR). Prior to extracting total RNA 
from bone fragments, collected bone tissues were placed in an 
RNase‑free mortar with liquid nitrogen and ground into powder 
with a pestle. The obtained powders were then transferred 
into a tube containing TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.) and a Polytron® (Kinematica AG) homogenizer 
was used to further powder bone. Total RNA was isolated 
from bone fragments, CD4+ T cells or BMMSCs that had been 
co‑cultured with T cells, both with and without anti‑TNF‑α, 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. RT‑qPCR was 
performed using the one‑step RT‑PCR kit, according to the 
manufacturer's protocol. RT‑qPCR was conducted using 
the following thermocycling conditions: RT step at 55˚C for 
20 min; initial denaturation at 95˚C for 5 min; 40 cycles of 
95˚C for 20 sec and 60˚C for 1 min. The primers used in the 
current study were as follows: IL‑2 forward, 5'‑CCC AAG 
CAG GCC ACA GAA TTG AAA‑3' and reverse, 5'‑TGA GTC 
AAA TCC AGA ACA TGC CGC‑3'; IFNγ forward, 5'‑TCA AGT 
GGC ATA GAT GTG GAA GAA‑3' and reverse, 5'‑TGG CTC 
TGC AGG ATT TTC ATG‑3'; TNF‑α forward, 5'‑TCT TCT 
CAT TCC TGC TTG TGG‑3' and reverse, 5'‑GGT CTG GGC 
CAT AGA ACT GA‑3'; Runx2 forward, 5'‑ATT GGC ACC ATC 
TTT ACT GTT ACC‑3' and reverse, 5'‑CTC CTT AGA ATC TGT 
TTG CTC TCA TA‑3'; OCN forward, 5'‑CTG ACA AAG CCT 
TCA TGT CCA A‑3' and reverse, 5'‑CCG  CAC GAC AAC CGC 
ACC AT‑3'; and β‑actin forward, 5'‑TGG CAC CCA GCA CAA 
TGA A‑3' and reverse, 5'‑CTA AGT CAT AGT CCG CCT AGA 
AGC A‑3'. Relative expression was calculated for each gene 
using the 2‑ΔΔCq method (31) following normalization against 
β‑actin expression. The methods used for measuring Runx2 
and OCN mRNA expression from bone tissues were same as 
the methods for RT‑qPCR using RNA from cells.

Western blotting. Following co‑culturing for 7 days, BMMSCs 
were collected and assessed via western blotting. Cells were 
lysed in RIPA containing 1 mM phenylmethylsulfonyl fluoride 
(Beyotime Institute of Biotechnology). A Bradford protein 
assay (Bio‑Rad Laboratories, Inc.) was used to quantify 
protein concentrations. Protein samples (25 µg/well) were 
separated using 10% SDS‑PAGE. Proteins were electrob‑
lotted onto PVDF membranes (0.45 mm; EMD Millipore). 
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Following this, the membranes were blocked using 5% non‑fat 
dry milk in TBS with 0.1% Tween‑20 for 1 h at room tempera‑
ture. The membranes were then incubated with anti‑Runx2 
(1:500), anti‑OCN (1:500), anti‑p‑ERK (1:500), anti‑ERK 
(1:500), anti‑p‑JNK (1:500), anti‑JNK (1:500), anti‑p‑P38 
(1:500), anti‑P38 (1:500) and anti‑β‑actin (1:1,000) anti‑
bodies at 4˚C overnight. This was followed by the incubation 
of membranes with horseradish peroxidase‑conjugated 
secondary antibodies (1:5,000) at room temperature for 
1 h. Membranes were visualized using an ECL system and 
protein expression levels were normalized to β‑actin protein 
levels. The phosphorylated proteins were normalized to their 
corresponding total proteins.

Statistical analysis. Statistical analysis was performed using 
SPSS software (version no. 11.0; SPSS, Inc.). All data were 
expressed as mean ± standard deviation of ≥3 independent 
experiments. Unpaired Student's t‑test or one‑way ANOVA 
followed by a Tukey's post hoc test was used to analyze data. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Bone formation and osteoblast differentiation is reduced 
in OVX mice. A month following resection, serum estradiol 
levels in the OVX group were significantly lower compared 
with the sham group (P<0.05; Table I). MicroCT images 
displayed significantly lower bone mass in the OVX group 
compared with the sham group (Fig. 1A and B). Furthermore, 
compared to the sham group, BV/TV, trabecular thickness, 
trabecular number and BMD were significantly reduced in the 
OVX group (P<0.05). These results indicated that the mouse 
PMO model, following ovarian ablation, was successfully 
constructed (Table II).

In order to assess osteoblast differentiation in vivo, the 
expression of markers of osteogenesis progression, Runx2 
and OCN (32), in bone tissue was determined using RT‑qPCR 
(Fig. 1C and D). Compared to the sham mice, lower levels of 
Runx2 and OCN were observed in the bone tissue of the OVX 
mice, indicating that osteoblast differentiation was reduced in 
OVX mice.

CD4+ T cells are activated in OVX mice. The proportions 
of CD4+CD69+ T cells in the spleen were analyzed using 
flow cytometry. CD4+ T cells were gated as demonstrated in 
Fig. 2A. In the OVX group, the spleen exhibited a significant 
increase in the proportion of CD4+CD69+T cells compared 
with the sham group (P<0.01; Fig. 2B). To further explore the 

activation of T cells, the expression of proinflammatory cyto‑
kines in T cells was determined using RT‑qPCR. The results 
indicated that the expression levels of IL‑2, IFN‑γ and TNF‑α 
were all significantly higher (P<0.05) in T cells of the OVX 
group compared with the sham group (Fig. 2C).

ELISA results indicated that the expression of the 
pro‑osteoclastogenic cytokine TNF‑α in T lymphocytes of 
OVX mice was significantly higher compared with the sham 
group (Fig. 2D; P<0.05).

CD4+ T cells from OVX mice reduce BMMSC proliferation via 
TNF‑α. To investigate the effects of CD4+ T cells on the prolif‑
eration of BMMSCs, MTT assays were performed (Fig. 3A). 
The results indicated that the proliferative ability of BMMSCs 
co‑cultured with CD4+ T cells from OVX mice was signifi‑
cantly decreased compared with the sham group (P<0.05). 
However, this decreased proliferation ability was not observed 
in T cells that had received anti‑TNF‑α treatment (P<0.05). 
Furthermore, the cell cycle of BMMSCs was analyzed using 
flow cytometry and the results revealed that CD4+ T cells 
from OVX mice arrested the cell cycle of BMMSCs at the 
G2/M phase, an effect that was not observed in T cells that had 
received anti‑TNF‑α treatment (Fig. 3B).

TNF‑α inhibits osteogenic differentiation of BMMSCs. In 
order to elucidate the effects of CD4+ T cells on BMMSCs 
osteogenic differentiation, alkaline phosphatase staining and 
alizarin red staining were performed. The results revealed that 
compared with the sham group, BMMSCs co‑cultured with 
CD4+ T cells from OVX mice demonstrated less ALP activity 
and calcium deposition. Following T cell pre‑treatment with 
anti‑TNF‑α, the ALP activity and calcium deposition levels 
were increased in BMMSCs co‑cultured with CD4+ T cells 
from OVX mice, as well as in those from the sham group, 
compared to cells co‑cultured with T cells that had not been 
pre‑treated (Fig. 4A and B).

The osteoblastic differentiation of BMMSCs was further 
evaluated by examination of the expression of the osteoblastic 
markers Runx2 and OCN using RT‑qPCR and western blot‑
ting (Fig. 4C and D). The results indicated that compared 
to the sham group, the expression of Runx2 and OCN were 
significantly decreased in BMMSCs co‑cultured with CD4+ 
T cells from the OVX group (P<0.01). The expression levels 
of Runx2 and OCN were increased in BMMSCs co‑cultured 
with CD4+ T cells from OVX mice that had been pretreated 
with anti‑TNF‑α (P <0.01), as well as in those in the sham 
group compared with BMMSCs co‑cultured with cells that 
had not been pretreated (P<0.05).

Inf luence of CD4+ T cells on osteogenesis‑related 
signaling pathways. To examine which signaling path‑
ways were involved in CD4+ T cells exhibited decreased 
BMMSCs osteogenic differentiation in OVX mice, 7 days 
post‑co‑culturing the ERK, JNK and p38 MAPK osteo‑
genesis‑related signaling pathways were assessed (Fig. 5). 
The results revealed that these signaling pathways were 
significantly suppressed in BMMSCs co‑cultured with 
CD4+ T cells from the OVX group (P<0.01), whereas they 
were restored following anti‑TNF‑α treatment (P<0.01). In 
T cells that had received pre‑treatment with anti‑TNF‑α, 

Table I. The level of serum estradiol.

Group  Number Serum estradiol (pg/ml)

Sham  10 48.88±17.89
OVX  10 10.44±3.80a 

aP<0.05 vs. sham group. OVX, ovariectomized.
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these three signaling pathways were further activated in 
BMMSCs co‑cultured with CD4+ T cells from the sham 
group (P<0.01) compared with controls.

Discussion

In PMO, T cells have been identified as a critical cell popu‑
lation in promoting osteoclastogenesis (33). Moreover, as 
the principle source of osteogenic cells, the proliferation 
and osteogenic differentiation abilities of BMMSCs are 

important factors to understand in order to develop improved 
osteoporosis treatments (34). The purpose of the present 
study was to investigate the effect of ovariectomy‑induced 
CD4+ T cells on the proliferation and osteogenic differentia‑
tion of BMMSCs.

Previous studies have demonstrated that ovariectomy‑ 
induced osteoclastogenesis and bone loss are associated with 
increased T cell activation (35,36) and pro‑osteoclastogenic 
cytokine TNF‑α production (16,37). In the present study, 
the results indicated that the activation of CD4+ T cells was 

Table II. Metaphyseal morphological parameters in sham and OVX group.

Group BV/TV (%) Tb.Th (mm) Tb.N (1/mm) BMD (mg/cm3)

Sham 20.13±3.24 0.68±0.07 4.61±0.40 409.80±21.55
OVX  4.95±1.29b 0.08±0.02b 2.82±0.70a 260.45±18.79a

aP<0.05 and bP<0.01 vs. sham group. OVX, ovariectomized; BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness; Tb.N, trabecular 
number; BMD, bone mineral density.

Figure 1. Bone formation and osteoblast differentiation is reduced in OVX mice. Micro‑computer tomography reconstruction of distal femoral metaphyseal 
regions from mice in the (A) sham and (B) OVX groups. Reverse transcription‑quantitative PCR analysis of (C) Runx‑2 and (D) OCN mRNA levels in mouse 
bone tissues. **P<0.01 vs. sham. OVX, ovariectomized; Runx‑2, runt related transcription factor 2; OCN, osteocalcin.
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enhanced in OVX mice. This was determined by analyzing 
the percentage of CD4+CD69+ T cells in the spleen and the 
gene expression levels of the proinflammatory cytokines, IL‑2, 
IFN‑γ and TNF‑α in CD4+ T cells isolated from OVX mice 
spleens. Furthermore, increased TNF‑α levels were observed 
in cultured supernatants of CD4+ T cells isolated from OVX 
mice spleens.

In order to assess whether CD4+ T cells had an impact 
on the proliferation and osteogenic differentiation of 
BMMSCs, BMMSCs were co‑cultured with CD4+ T cells 
from the OVX or sham group. A decrease in BMMSC 
proliferation ability was induced using CD4+ T cells 
from OVX mice. CD4+ T cells from OVX mice were also 
revealed to arrest the cell cycle of BMMSCs at the G2/M 

Figure 2. CD4+ T cells are activated in OVX mice. (A) The gating strategies used for CD4+ T cells. (B) Percentage of CD4+CD69+ cells in spleens tested 
using flow cytometry. (C) Expression levels of proinflammatory cytokines, IL‑2, IFN‑γ and TNF‑α, in purified CD4+ T cells were determined using reverse 
transcription‑quantitative‑PCR. (D) TNF‑α levels in the supernatant from purified CD4+ T cell cultures were measured by ELISA. *P<0.05, **P<0.01 vs. sham. 
CD, cluster of differentiation; OVX, ovariectomized; IL‑2, interleukin 2; IFN‑γ, interferon‑ γ; TNF‑α, tumor necrosis factor‑α; IgG, immunoglobulin; APC, 
allophycocyanin.
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phase. Similarly, the osteogenic potential of BMMSCs 
was reduced using CD4+ T cells from the OVX group and 
demonstrated lower ALP activity, less calcium deposition 
and reduced expression of the osteoblastic marker genes, 
Runx2 and OCN.

Regarding the importance of TNF‑α in ovariectomy‑ 
induced osteoclastogenesis, it was hypothesized that TNF‑α 
secreted by activated CD4+ T cells mediated the inhibition 
of proliferation and osteogenic differentiation of BMMSCs. 
Following pre‑treatment with CD4+ T cells with anti‑TNF‑α, 
the proliferation and osteogenic differentiation abilities of 
BMMSCs were fully restored. It has been confirmed by 
numerous studies that TNF‑α stimulates the production of 
osteoclasts (38‑40); however, the effects of TNF‑α on stem 

cell proliferation and osteogenic differentiation are still being 
explored. Recently, TNF‑α has been reported to suppress the 
osteogenic differentiation of MSCs (41). The results from 
the present study indicated that CD4+ T cells inhibited the 
proliferation and osteogenic differentiation of BMMSCs by 
producing high levels of TNF‑α.

There are a number of common crossover mechanisms 
between the immune response and bone remodeling. In the 
case of inflammation or injury, immune cells receive trans‑
mission information to act on osteoblasts and osteoclasts (42). 
Similarly, BMMSCs have an impact on T cells (43). Studies 
have found that BMMSCs affect the proliferation and 
differentiation of T cells through the use of exocrine and 
paracrine cytokines (44,45). The present study demonstrated 

Figure 3. Effect of CD4+ T cells on the proliferation of BMMSCs. CD4+ T cells with or without anti‑TNF‑α treatment from the sham group and the OVX group 
were co‑cultured with BMMSCs in osteogenic medium. (A) The proliferative ability of BMMSCs was detected by MTT at the indicated time points. *P<0.05 
vs. the sham group at day 7. (B) Following 7 days of culturing, the cell cycle of BMMSCs was analyzed using flow cytometry. CD, cluster of differentiation; 
BMMSCs, bone marrow mesenchymal stem cells; TNF‑α, tumor necrosis factor‑α; OVX, ovariectomized.
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Figure 4. CD4+ T cells from OVX mice inhibited BMMSC osteogenic differentiation. CD4+ T cells with or without anti‑TNF‑α treatment from the sham group 
and the OVX group were co‑cultured with BMMSCs in osteogenic medium. Following 7 days of culturing, (A) ALP staining and (B) Alizarin red staining 
were performed. (C) Relative mRNA expression of osteogenic marker genes in BMMSCs, Runx2 and OCN, were determined using reverse transcription‑quan‑
titative PCR. (D) Western blotting of Runx2 and OCN. *P<0.05. **P<0.01. CD, cluster of differentiation; OVX, ovariectomized; BMMSCs, bone marrow 
mesenchymal stem cells; TNF‑α, tumor necrosis factor‑α.; ALP, alkaline phosphatase; BMMSCs, bone marrow mesenchymal stem cells; Runx‑2, runt related 
transcription factor 2; OCN, osteocalcin.

Figure 5. Influence of CD4+ T cells on osteogenesis‑related signaling pathways. Following 7 days of co‑culturing, the levels of p‑ERK, p‑p38 and p‑JNK in 
bone marrow mesenchymal stem cells were determined via western blotting. **P<0.01. CD, cluster of differentiation; p, phosphorylated; ERK, extracellular 
signal‑regulated kinase; JNK, c‑Jun N‑terminal kinase; OVX, ovariectomized; TNF‑α, tumor necrosis factor‑α.
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that T cells also affected the proliferation and osteogenic 
differentiation of BMMSCs.

Previous studies have indicated that several MAPKs are 
essential components of the signal transduction machinery, which 
serve an important role in the differentiation process (46‑48). 
Several MAPKs, including ERKs, JNK and p38 MAPK have 
been confirmed to be involved in the differentiation of MSCs 
into osteoblasts (41,49). In the present study, these signaling 
pathways were revealed to be critical for the osteogenesis of 
BMMSCs. CD4+ T cells from OVX mice inhibited the ERK, 
JNK and MAPK p38 signaling pathways, which suppressed 
the osteogenic differentiation of BMMSCs. Furthermore, this 
inhibition was remedied with an anti‑TNF‑α treatment.

As numerous studies have confi rmed that the 
OVX‑BMMSC have decreased proliferative ability and osteo‑
genic differentiation in comparison to those from control 
animals (50‑52), the phenotypes of BMMSC from OVX mice 
in the present study were not assessed. Furthermore, evalu‑
ating the effects of activated T cells on OVX‑BMMSC would 
be challenging due to the reduced abilities of proliferation 
and osteogenic differentiation in OVX‑BMMSC. In future 
studies, the influence of OVX‑BMMSC on T cells will be 
evaluated, which will provide information about the under‑
lying mechanisms between the immune response and bone 
remodeling in PMO.

In conclusion, to the best of our knowledge, the present 
study is the first to indicate that CD4+ T cells inhibit the prolif‑
eration and osteogenic differentiation of BMMSCs during 
the pathogenesis of OVX‑induced osteoporosis and that this 
inhibition may be, at least partially, mediated via the enhanced 
expression of TNF‑α by CD4+ T cells. These results may 
provide novel insight into the dysfunction of BMMSCs caused 
by estrogen deficiency.
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