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Psoralidin prevents caffeine-induced damage and abnormal 
differentiation of bone marrow mesenchymal stem cells via the 
classical estrogen receptor pathway
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Background: Caffeine is broadly present in tea, coffee, and cocoa, and is commonly consumed. The 
bone microenvironment might be damaged by excessive caffeine, which has been shown to exert negative 
effects on human health. In this study, we sought to determine whether excessive caffeine could damage the 
biological functions of bone marrow mesenchymal stem cells (BMSCs) and induce bone loss in mice, and 
further investigate effective therapeutic methods. 
Methods: BMSCs were treated with different concentrations of caffeine (0.01, 0.05, 0.1, 0.5, and  
1.0 mM) for 48 h. Cell counting kit-8 (CCK-8) assay, colony formation assay, wound healing assay, and 
quantitative real-time polymerase chain reaction (qRT-PCR) analysis were performed to detect the cell 
viability, proliferation, migration, and pluripotency of BMSCs, respectively. Alizarin red S (ARS) staining, 
alkaline phosphatase (ALP) staining, oil red O (ORO) staining, and qRT-PCR assay were applied to 
assess the osteogenic and adipogenic differentiation of BMSCs. BMSCs were treated with caffeine and 
further exposed to different concentrations of psoralidin (PL) (0.01, 0.1, 1, and 10 μM) for 48 h. Micro-
computed tomography (μCT) scanning was used to evaluate the bone mass of mice. 7α-(7-((4,4,5,5,5-
Pentafluoropentyl)-sulfiny)nonyl)estra-1,3,5(10)-triene-3,17β-diol (ICI 182,780, ICI) was applied to examine 
whether the classical estrogen receptor (ER) pathway was involved. 
Results: The CCK-8 assay, colony formation assay, wound healing assay, and qRT-PCR analysis indicated 
that caffeine (0.01, 0.05, 0.1, 0.5, 1.0 mM) attenuated the cell viability, proliferation, migration and 
pluripotency of BMSCs, respectively, in a concentration-dependent manner. Caffeine treatment inhibited 
osteogenic differentiation but promoted adipogenic differentiation of BMSCs in a dose-dependent manner. 
Furthermore, ARS staining, ALP staining, ORO staining, and qRT-PCR assay showed that excessive caffeine 
induced bone loss and osteoporosis (OP) in mice by regulating the osteogenesis and adipogenesis of BMSCs. 
Also, PL treatment could reverse the caffeine-induced dysfunctions and aberrant differentiation of BMSCs 
via the ER pathway. 
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Introduction

Osteoporosis (OP) is a systemic skeletal disease, which is 
characterized by microarchitectural deterioration of bone 
tissue, reduced bone mass, and a high susceptibility to bone 
fracture. The mortality of OP is increasing, and affects 34% 
of women worldwide (1). It has high rates of morbidity 
and mortality, and has become a global health problem (2).  
OP is a multi-factorial bone disease that is related to 
genetic factors, personal factors, gender, age, and lifestyle, 
including inadequate calcium intake, excessive alcohol, 
caffeine consumption, and smoking (3,4). In the bone 
microenvironment, osteoblast-mediated bone formation 
and bone marrow fat play vital roles in maintaining bone 
homeostasis (5). OP is characterized by decreased bone 
formation and elevated fat accumulation. Maintenance 
of bone homeostasis requires dynamic bone remodeling 
balance, which is intricately controlled by certain 
microenvironments (6).

In recent decades, bone marrow mesenchymal stem cells 
(BMSCs) have emerged as potential microenvironmental 
modulators (6,7). BMSCs, as a type of non-hematopoietic 
multipotent stem cell, can be differentiated into various cell 
types, including osteoblasts, adipocytes, and chondrocytes, 
under specific conditions (8,9). An increasing number of 
studies have indicated that OP is mainly attributable to 
the imbalance between the osteogenesis and adipogenesis 
of BMSCs (10). According to these reports, the reduced 
osteoblast activity is mainly owing to the fact that BMSCs 
from patients with OP exhibit decreased capacity to 
differentiate into osteoblasts and increased capacity to 
differentiate into adipocytes (11). Thus, the shift between 
osteoblast and adipocyte differentiation of BMSCs plays a 
key role in the development of OP. 

Caffeine (1,3,7-trimethylxanthine) is a type of central 
nervous system stimulant and the key xanthine alkaloid 
element in several beverages, particularly in coffee and  

tea (12). Caffeine is widely consumed in Europe and North 
America. The results of previous epidemiological studies 
have revealed that caffeine is a risk factor for OP, and 
results in reduced bone mineral density (BMD), a higher 
risk of bone fracture, and decreased calcium absorption 
in osteoporotic patients (13). However, little is known 
about the underlying mechanism of caffeine-related OP, 
and the effects of caffeine on the biological functions and 
differentiation of BMSCs have not been studied.

Psoralidin (PL), a prenylated coumestrol, is extracted 
from Psoralea corylifolia, and is usually applied in the 
treatment of OP (14,15). Recent studies have indicated 
that PL could improve the osteogenic potentials of 
BMSCs (16). Also, in vivo studies have shown that PL 
could prevent bone loss in ovariectomy (OVX)-induced 
osteoporotic rats by inhibiting the formation of osteoclasts 
(17,18). However, whether PL can regulate caffeine-
induced dysfunction of BMSCs and caffeine-related OP 
remains unclear. 

The effects of caffeine and PL in the biological functions 
of BMSCs, and their relationship, have not been clearly 
illustrated. In this study, we investigated the roles of caffeine 
in the biological functions and differentiation potentials of 
BMSCs in vitro and in vivo. We also demonstrated that PL 
played a protective role in the caffeine-induced dysfunction 
and aberrant differentiation of BMSCs via the classical 
estrogen receptor (ER) pathway. Consequently, our study 
suggested that PL could be used as a potential candidate 
in the treatment of caffeine-related OP by regulating 
the competitive relationship between the osteogenesis 
and adipogenesis of BMSCs. Our study provided a novel 
therapeutic method for the treatment of caffeine-caused 
bone loss.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3153).

Conclusions: Our results revealed a novel molecular mechanism for the therapeutic effects of PL in 
treating excessive caffeine-induced OP, which might shed new light on the clinical application of PL for 
caffeine-related OP.
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Methods

BMSC isolation and culture

BMSCs were harvested from 8-week-old female C57BL/6J 
mice (approximately 18–20 g). The isolation of mouse 
BMSCs was performed according to the previous  
reports (19). The BMSCs were cultured in BMSC culture 
medium (Cyagen, USA) and maintained in a humidified 
incubator (Thermo, USA) of 5% carbon dioxide (CO2) at 
37 ℃. The medium was replaced by fresh medium every  
3 days. BMSCs reaching 60–70% confluence, were used for 
additional experiments. 

Drug treatment

PL was purchased from Sigma-Aldrich (USA). PL  
(10 mM) was dissolved in dimethyl sulfoxide (DMSO) 
and stored at 4 ℃ in a freezer (Haier, China), which were 
regarded as stock solutions. The stock solutions were then 
diluted with BMSC culture medium or differentiation-
inducing medium, which were regarded as working 
solutions in the further experiments. The concentration of 
DMSO in the working solutions was not higher than 0.2%, 
which was known as a safe concentration. The cells were 
treated with different concentrations of PL (0.01, 0.1, 1.0, 
and 10 μM) for 48 h. Caffeine was purchased from Sigma-
Aldrich (USA), and the cells were treated with different 
concentrations of caffeine (0.01, 0.05, 0.1, 0.5, and  
1.0 mM) for 48 h. The ER antagonist, 7α-(7-((4,4,5,5,5-
Pentafluoropentyl)-sulfiny)nonyl)estra-1,3,5(10)-triene-
3,17β-diol (ICI 182,780, ICI) was purchased from 
AstraZeneca (Brazil). ICI was dissolved in DMSO at a 
concentration of 10 mM and stored at 4 ℃ in a freezer 
(as stock solutions). The BMSCs were treated with ICI at  
1 μM for 48 h.

Cell Counting Kit-8 (CCK-8) assay

BMSCs were plated at a density of 1×104/well into 96-
well plates (Corning, USA). The number of viable cells 
was analyzed by performing CCK-8 assay according to 
the manufacturer’s instructions (Tongren, Japan). Lastly, 
the optical density (OD) was measured at 450 nm using a 
microplate reader (TECAN, Switzerland).

Colony formation assay

To assess the capacity of proliferation, the BMSCs 

were evenly seeded in six-well plates with 2 mL culture 
medium. The medium was refreshed every 3 days. After 
culturing for 14 days, the cells were washed with phosphate 
buffered saline (PBS) (Beyotime, China), fixed in 4% 
paraformaldehyde (Solarbio, China), and stained with 1% 
crystal violet staining solution (Biosharp, China) for 15 min. 
Subsequently, the cells were rinsed with double distilled 
water three times. Finally, pictures were taken under an 
inverted microscope (Nikon, Japan).

Scratch wound healing assay

The cells were plated at a density of 2×105 cells/well 
in the six-well plates (Corning, USA). After reaching 
approximately 90% confluence, scratch wounds were made 
across each well using a sterile plastic 100-μL micropipette 
tip. After washing with PBS, the images of each scratch 
were captured, and ImageJ software (NIH, USA) was 
applied to assess the migration ability by analyzing the 
residual fractional wound area.

Ribonucleic acid (RNA) isolation and quantitative real-
time polymerase chain reaction (qRT-PCR) assay

The total RNAs of BMSCs were isolated by using TRIzol 
reagent (Life Technologies, USA) according to the 
manufacturer’s instructions. Next, a reverse transcription 
assay was performed using 500 ng total RNAs and a 
complementary deoxyribonucleic acid (cDNA) synthesis 
kit (ABI, USA). A qRT-PCR assay was performed using 
SYBRGreen qPCR Master Mix (Roche, Switzerland). 
The amplification reactions, containing specific primers 
and SYBRGreen qPCR Master Mix, were set up in 20-μL 
reaction volumes, and 1 μL of cDNA was added to each 
amplification reaction. The expression levels of target genes 
were detected by using the comparative cycle threshold 
method and normalizing against the expression level of 
β-actin. The sequences of the primers used for qRT-PCR 
analysis were listed in Table 1.

Osteogenic differentiation 

For adipogenic differentiation, BMSCs were seeded in 24-
well plates (Corning, USA) at a density of 5×105 cells/well, 
and the cells were cultured in osteogenic-inducing medium 
(Cyagen, USA). The osteogenic-inducing medium was 
changed every 3 days. After 21 days, the cells were used for 
further analysis.
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Alizarin red S (ARS) staining

After 21 days of osteogenic differentiation, ARS staining was 
performed to analyze the secreted osteocalcin levels of BMSCs. 
Next, the cells were stained with ARS staining solution 
(Cyagen, USA) to evaluate the cell matrix mineralization. 
To quantify mineralization, ARS was extracted in 10% 
cetylpyridinium chloride and detected at 570 nm. An inverted 
microscope (Nikon, Japan) was used for imaging.

Alkaline phosphatase (ALP) staining

After 21 days of osteogenic differentiation, ALP staining 
was applied to assess the osteoblastic mineralization of 
BMSCs. The ALP activity of cell lysates was then detected 
by spectrophotometric measurement of p-nitrophenol 
release using an enzymatic colorimetric ALP kit (Roche, 
Switzerland). The mineralized nodules were quantified by a 
microplate reader at 420 nm.

Adipogenic differentiation 

For adipogenic differentiation, BMSCs were seeded in 24-
well plates (Corning, USA) at a density of 5×105 cells/well, 
and the cells were cultured in adipogenic-inducing medium 
(Cyagen, USA). The adipogenic-inducing medium was 
replaced by fresh medium every 4 days. After 24 days, the 
cells were used for further analysis.

Oil red O (ORO) staining

After 24 days of adipogenic differentiation, ORO staining 
was applied to examine the adipogenesis as previously 
described (20). The accumulation of oil droplets was 
regarded as an indicator of adipogenesis in BMSCs. Pictures 
of the positive area were captured using a light microscope.

Animal experiments

All protocols and experiments involving the use of animals 
were approved by the Ethics Committee of the First 
Affiliated Hospital of Harbin Medical University (2021036) 
and were performed according to the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals 
(NIH Publications no. 85-23, revised 1996). All animals 
were purchased from Beijing Vital River Laboratory 
Animal Technology, China. Sixty 8-week-old female 
C57BL/6J mice (approximately 18–20 g) were maintained 
under specific pathogen-free conditions (22 ℃, 50–55% 
humidity, and 12 h light/dark cycles), and food and water 
were easily accessible. All mice were randomly divided into 
three groups (n=20 in each group): control group, caffeine-
treated group, and caffeine/PL-treated group. Caffeine in 
the caffeine-treated group was used at a dose of 20 mg/kg 
by intragastric administration once daily for 4 weeks. High-
dose caffeine was applied to establish the caffeine-induced 
osteoporotic mouse models. PL in the caffeine/PL-treated 
group was quantitatively administered (10 mg/kg) via the 
caudal vein for 28 consecutive days. Mice in the control 
group were quantitatively administered normal saline. After 
the last administration, the mice from the three groups were 
obtained and used for further analysis. 

Micro-computed tomography (μCT) scanning

The femurs of mice from different groups were detached 
after sacrifice and fixed in 4% paraformaldehyde for  
24 h. Next, the femurs were isolated and scanned using μCT 

Table 1 The sequence of primers used for qRT-PCR analysis

Gene (mouse) Primer sequence (5' to 3')

Nanog F: TCTTCCTGGTCCCCACAGTTT

R: GCAAGAATAGTTCTCGGGATGAA

Oct4 F: CACCATCTGTCGCTTCGAGG

R: AGGGTCTCCGATTTGCATATCT

Sox2 F: GCGGAGTGGAAACTTTTGTCC

R: GGGAAGCGTGTACTTATCCTTCT

Runx2 F: ACTTCCTGTGCTCCGTGCTG

R: TCGTTGAACCTGGCTACTTGG

Osterix F: ACCAGGTCCAGGCAACAC

R: GCAAAGTCAGATGGGTAAGTAG

OCN F: AAGCCTTCATGTCCAAGCAG

R: TCCGCTAGCTCGTCACAATT

Pparg F: GACCACTCGCATTCCTTT

R: CCACAGACTCGGCACTCA

Fabp4 F: AAATCACCGCAGACGACA

R: CACATTCCACCACCAGCT

LPL F: GGGAGTTTGGCTCCAGAGTTT

R: TGTGTCTTCAGGGGTCCTTAG

β-actin F: CTGTCCCTGTATGCCTCTG

R: TGATGTCACGCACGATTT
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(SCANCO, Switzerland) scanning at a voxel resolution of 
10.5 μm. Three-dimensional morphological parameters, 
including bone volume/tissue volume (BV/TV), trabecular 
number (Tb.N), bone mineral density (BMD), and 
trabecular separation (Tb.Sp) were obtained and analyzed. 

Statistical analysis

All quantitative data were presented as mean ± standard 
deviation (SD). All experiments were repeated at least 
three times, and representative experiments were shown. 
Statistical comparisons were performed by using Student’s 
t-test or one-way analysis of variance by GraphPad Prism 
7 software (GraphPad, CA). P<0.05 was regarded as 
significant.

Results

Caffeine suppressed the viability, proliferation, migration, 
and pluripotency of BMSCs

I n  o r d e r  t o  a s s e s s  t h e  r o l e s  o f  c a f f e i n e  ( 1 , 3 , 7 
-trimethylxanthine) in the biological functions of BMSCs, 
BMSCs were incubated with caffeine (Figure 1A). To 
establish the appropriate dose, the BMSCs were treated with 
different concentrations of caffeine (0.01, 0.05, 0.1, 0.5, and 
1.0 mM) for 48 h. A CCK-8 assay was performed to detect 
the roles of caffeine in the cell viability of BMSCs. As shown 
in Figure 1B, the exposure to different concentrations of 
caffeine for 48 h resulted in the decreased viability of BMSCs 
in a dose-dependent manner, revealing that the various 
concentrations of caffeine (0.01, 0.05, 0.1, 0.5, 1.0 mM)  
inhibited the growth of BMSCs (Figure 1B). 

In order to assess the effects of caffeine on the 
proliferation potential of BMSCs, a colony formation assay 
was applied. The results showed that with the concentration 
of caffeine increasing from 0.01 to 1.0 mM, the number of 
colonies was gradually reduced (Figure 1C,1D). 

Furthermore, to examine the effects of caffeine on the 
migration of BMSCs, a scratch wound healing assay was 
performed. The results demonstrated that cells exposed to 
caffeine exhibited significantly decreased migration ability, 
indicating that different concentrations of caffeine (0.01, 
0.05, 0.1, 0.5, 1.0 mM) decreased the cell migration ability 
of BMSCs, especially 0.5 and 1.0 mM (Figure 1E,1F). 

BMSCs expressed pluripotency-associated transcription 
factors, including Nanog, Sox2, and Oct4, and qRT-PCR 
analysis was applied to determine the expression levels 

of these genes. As presented in Figure 1G, the expression 
of Nanog, Sox2, and Oct4 in BMSCs was decreased in a 
concentration-dependent manner after caffeine treatment 
(Figure 1G). Therefore, the above results indicated that 
different concentrations of caffeine could damage the 
viability, proliferation, migration, and pluripotency of 
BMSCs.

Caffeine blocked the osteogenic differentiation and 
promoted the adipogenic differentiation of BMSCs

In order to analyze whether the multilineage differentiation 
potentials of BMSCs were affected by caffeine treatment, 
BMSCs were treated with caffeine and then induced into 
osteoblasts or adipocytes. BMSCs were first exposed to 
different concentrations of caffeine (0.01, 0.05, 0.1, 0.5, 
and 1.0 mM) and then cultured in the osteogenic-inducing 
medium. After 21 days, mineralized nodules were formed 
in BMSCs. ALP staining, ARS staining, and qRT-PCR 
analysis were used to evaluate the osteogenic differentiation 
of  BMSCs. ARS staining indicated that different 
concentrations of caffeine, particularly at 0.5 mM and  
1.0 mM, markedly decreased the mineralized areas, 
suggesting that caffeine inhibited the differentiation of 
BMSCs into osteoblast lineage (Figure 2A,2B). According 
to the results of ALP staining, we observed that exposure 
to caffeine at 0.01, 0.05, 0.1, 0.5, and 1.0 mM resulted in 
significantly fewer mineralized nodules, which indicated that 
caffeine suppressed the formation of mineralized nodules 
in BMSCs (Figure 2C,2D). The change in mineralization 
of the BMSCs was consistent with the expression levels of 
osteoblast-related genes, including runt related transcription 
factor 2 (Runx2), Osterix, osteocalcin (OCN). The results of 
the qRT-PCR analysis demonstrated that caffeine treatment 
induced gradually decreased expression levels of these genes 
in BMSCs at concentrations ranging from 0.01 to 1.0 mM, 
and especially at 0.5 and 1.0 mM (Figure 2E). 

Similarly, we also confirmed the effect of caffeine on 
the adipogenesis of BMSCs by ORO staining and qRT-
PCR analysis. BMSCs were first exposed to different 
concentrations of caffeine (0.01, 0.05, 0.1, 0.5, and 1.0 mM) 
and then cultured in the adipogenic-inducing medium. 
After 24 days, oil droplets were observed in the BMSCs. As 
shown in Figure 2F and 2G, after exposing the BMSCs to 
caffeine from 0.01 to 1.0 mM, the cells exhibited more lipid 
droplets compared to the control group, which indicated 
that caffeine promoted the adipogenesis of BMSCs  
(Figure 2F,2G). Next, the expression levels of adipocyte-
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Figure 1 The inhibitory effects of caffeine on the viability, proliferation, migration, and pluripotency of BMSCs. (A) Chemical structures 
of caffeine. (B) The CCK-8 assay was used to assess the cell viability of BMSCs after treatment with caffeine at 0.01, 0.05, 0.1, 0.5, and 1.0 
mM for 48 h. (C) The colony formation assay was performed to determine the proliferative ability of BMSCs treated with 0.01, 0.05, 0.1, 
0.5, and 1.0 mM caffeine (100×). (D) The statistical results of the colony formation assay. (E) The migration of BMSCs in the presence of 
caffeine was determined by the wound healing assay (100×). (F) Quantitative analysis of the wound healing assay. (G) QRT-PCR analysis was 
applied to measure the mRNA expression levels of pluripotency-associated transcription factors, including Nanog, Sox2 and Oct4. n=3. *, 
P<0.05; **, P<0.01; ***, P<0.001. BMSCs, bone marrow mesenchymal stem cells.
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related genes, including peroxisome proliferator-activated 
receptor gamma (Pparg), fatty acid binding protein 4 
(Fabp4), and lipoprotein lipase (LPL), were further 
analyzed. As shown in Figure 2H, caffeine induced the 
expression of Pparg, Fabp4, and LPL, especially at 
concentrations of 0.5 and 1.0 mM (Figure 2H). The above 
results suggested that caffeine inhibited the osteogenic 
differentiation, but promoted the adipogenic differentiation 
of BMSCs.

Notably, 0.5 and 1 mM caffeine significantly inhibited 
the cell viability, proliferation, migration, pluripotency, and 
osteogenic differentiation, but promoted the adipogenic 
differentiation of BMSCs. Considering of toxicity of 
caffeine, 48-h exposure to 0.5 mM caffeine was selected as 
the standard pretreatment in subsequent experiments.

The effects of PL on caffeine-induced dysfunctions of 
BMSCs

To test whether PL could reverse the caffeine-induced 
aberrant biological functions of BMSCs, BMSCs were 
treated with caffeine at 0.5 mM and further exposed to 
different concentrations of PL (0.01, 0.1, 1.0, and 10 μM) 
for 48 h (Figure 3A). Next, CCK-8 assay, colony formation 
assay, wound healing assay, and qRT-PCR analysis were 
performed. As shown in Figure 3B, caffeine at 0.5 mM 
dramatically inhibited the cell viability of BMSCs, while it 
was elevated by PL (0.01, 0.1, 1, and 10 μM) (Figure 3B). 
Furthermore, BMSCs pretreated with caffeine at 0.5 mM 
exhibited reduced colony formation, and the numbers of 
colonies were increased by different concentrations of PL 
in dose-dependent manners, indicating that caffeine at  
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Figure 2 The roles of caffeine in the differentiation of BMSCs. (A) ARS staining of BMSCs cultured in different concentrations of caffeine 
(0.01, 0.05, 0.1, 0.5, and 1.0 mM) after osteogenic differentiation for 21 days (100×). (B) Quantitative analysis of ARS staining; (C) ALP 
staining of BMSCs treated with different concentrations of caffeine (0.01, 0.05, 0.1, 0.5, and 1.0 mM) after osteogenic differentiation for 
21 days (100×). (D) Quantitative analysis of ALP staining; (E) QRT-PCR was used to evaluate the gene expression of osteogenic markers in 
BMSCs after treatment with caffeine. (F,G) After adipogenic induction for 24 days, the droplet formation in BMSCs after caffeine treatment 
was analyzed by ORO staining (200×). (H) QRT-PCR analysis of Pparg, Fabp4, and LPL expression in BMSCs pretreated with caffeine for 
48 h. n=3. *, P<0.05; **, P<0.01; ***, P<0.001. BMSCs, bone marrow mesenchymal stem cells; QRT-PCR, quantitative real-time polymerase 
chain reaction.

0.5 mM suppressed the proliferative ability of BMSCs, 
which could be reversed by PL (Figure 3C,3D). Also, 
compared with control group, caffeine treatment induced 
significantly decreased migration ability of BMSCs, shown 
by the wound healing assay (Figure 3E,3F). However, 
this was reversed by PL at 0.01, 0.1, 1, and 10 μM in a 
concentration-dependent manner (Figure 3E,3F). 

The mRNA expression levels of Nanog, Sox2, and Oct4 
were markedly lower in BMSCs exposed to caffeine than in 
the control group, which could be increased in the presence 
of PL in a concentration-dependent manner (Figure 3G). 
Taken together, these data suggested that the caffeine-
induced damage to BMSCs could be reversed by PL 
treatment. 

The roles of PL in caffeine-caused aberrant differentiation 
of BMSCs

In order to clarify the effects of PL (0.01, 0.1, 1, 10 μM) 
on the differentiation of BMSCs pretreated with caffeine, 
osteogenesis and adipogenesis were evaluated. As shown 
in Figure 4A, 0.5 mM caffeine could significantly inhibit 
the mineralization formation of BMSCs, revealed by ARS 
staining (Figure 4A,4B). However, treatment with PL 
at 0.01, 0.1, 1, and 10 μM could effectively reverse the 
reduced mineralization caused by caffeine (Figure 4A,4B). 
Also, BMSCs exposed to 0.5 mM caffeine exhibited less 
mineralized nodules, which were increased by different 
concentrations of PL (Figure 4C,4D). After osteogenesis 
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Figure 3 The effects of PL on the caffeine-induced dysfunctions of BMSCs. (A) Chemical structures of PL. (B) BMSCs were treated with 
PL (0.01, 0.1, 1.0, and 10 μM) in the presence of caffeine for 48 h and the cell viability was determined by CCK-8 assay. (C) The colony 
formation assay was performed after different concentrations of PL and 0.5 mM caffeine treatment for 48 h (100×). (D) Statistical results 
of the colony formation assay. (E) The migration ability in BMSCs after PL treatment for 48 h in the presence of caffeine (100×). (F) 
Quantitative analysis of the wound healing assay; (G) The expression of Nanog, Sox2, Oct4 in BMSCs after different concentrations of PL 
and 0.5 mM caffeine treatment for 48 h. n=3. *, P<0.05; **, P<0.01; ***, P<0.001. PL, psoralidin; BMSCs, bone marrow mesenchymal stem 
cells.

and mineralization of BMSCs, we measured the mRNA 
expression levels of osteogenic markers (Runx2, Osterix, 
and OCN) at day 21 after osteogenic stimulation. The 
results of qRT-PCR analysis revealed that compared to 
the control group, the expression levels of Runx2, Osterix, 
and OCN were lower in the caffeine-treated group 
(Figure 4E). Interestingly, the reduced expression levels of 
Runx2, Osterix, and OCN were elevated by PL in a dose-
dependent manner (Figure 4E). 

Subsequently, we further investigated the roles of PL in 
the adipogenic differentiation of caffeine-treated BMSCs. 
After adipogenic differentiation of BMSCs for 24 days, 
ORO staining displayed that many lipid droplets were 
observed in BMSCs in the caffeine-treated group, while 
PL (0.01, 0.1, 1, 10 μM) inhibited the accumulation of 
oil droplets (Figure 4F,4G). Consistent with the staining 
results, the expression levels of adipogenic markers (Pparg, 

Fabp4 and LPL) were significantly higher in the presence 
of caffeine than in the control group, whereas the addition 
of PL markedly inhibited the mRNA expression levels 
of these genes (Figure 4H). These results confirmed that 
the inhibitory effects of caffeine on osteogenesis and 
its accelerative effects on adipogenesis of BMSCs were 
observably suppressed by PL treatment. 

PL prevented bone loss of the caffeine-induced osteoporotic 
mice

Sixty 8-week-old female were randomly divided into 
three groups: control group, caffeine-treated group, 
and caffeine/PL-treated group. Osteoporotic mouse 
models were constructed by intragastric administration 
at a dose of 20 mg/kg once daily for 4 weeks to observe 
the caffeine-induced damage and bone loss in mice. PL 
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Figure 4 The roles of PL in caffeine-induced aberrant differentiations of BMSCs. (A) ARS staining of calcium depositions in BMSCs after 
PL and caffeine treatment (100×). (B) Quantitative analysis of ARS staining. (C) The dose-dependent effects of PL on the osteogenesis of 
BMSCs treated with caffeine (100×). (D) Quantitative analysis of ALP staining. (E) The expression levels of Runx2, Osterix, and OCN in 
BMSCs after treatment with caffeine and PL were measured by qRT-PCR analysis. (F) The oil droplets in the presence of caffeine and 
PL were stained using ORO staining (200×). (G) Quantitative analysis of ORO staining. (H) The expression of Pparg, Fabp4, and LPL in 
BMSCs subjected to caffeine and PL was determined by qRT-PCR assay. n=3. *, P<0.05; **, P<0.01; ***, P<0.001. PL, psoralidin; BMSCs, 
bone marrow mesenchymal stem cells.

was quantitatively administered at a dose of 10 mg/kg 
via the caudal vein for 28 consecutive days to determine 
the protective effects of PL on caffeine-caused injury in 
mice. After the last administration, the bone tissues from 
different groups were obtained and used to detect the bone 
microarchitecture index, including BV/TV, Tb.N, BMD, 
and Tb.Sp. μCT analysis showed that compared to the 
control group, BV/TV, Tb.N, and BMD of mice from the 
caffeine-treated group was markedly lower, but the Tb.Sp 
was significantly higher, indicating that the caffeine-induced 
osteoporotic mouse models were successfully established 
(Figure 5A). Also, mice from the caffeine/PL-treated group 
exhibited increased BV/TV, Tb.N, and BMD, and reduced 
Tb.Sp, indicating that PL treatment could prevent the 
caffeine-induced bone loss of osteoporotic mice (Figure 5A). 

Next, to determine the effects of PL on the osteogenic 

di f ferent iat ion of  BMSCs from caffe ine-induced 
osteoporotic mice, BMSCs from the control group, 
caffeine-treated group, caffeine/PL-treated group were 
isolated and induced into osteoblasts for 21 days. ARS 
staining revealed that compared with control group, the 
areas and number of mineralized nodules were decreased 
in the BMSCs from caffeine-treated group, suggesting that 
caffeine treatment inhibited the differentiation of BMSCs 
into osteoblast lineage in caffeine-related osteoporotic mice 
(Figure 5B,5C). As shown in Figure 5B and 5C, BMSCs 
from the caffeine/PL-treated group showed an increase in 
the quantity of calcium deposition compared with caffeine-
treated group, which showed that PL treatment could 
effectively prevent the decreased osteogenic differentiation 
of BMSCs from caffeine-caused osteoporotic mice  
(Figure 5B,5C). ALP staining confirmed that the BMSCs 
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Figure 5 PL reversed the bone loss of caffeine-induced osteoporotic mice. (A) μCT analysis of the bone microstructure of mice. (B) BMSCs 
isolated from mice were cultured in the osteo-inductive medium for 21 days and were stained by ARS staining (100×). (C) Quantitative 
analysis of ARS staining. (D) BMSCs collected from mice were maintained in the osteogenic-inducing medium for 21 days and were stained 
by ALP staining (100×). (E) Quantitative analysis of ALP staining. (F) The cells cultured in the osteo-inductive medium for 21 days were 
collected and analyzed for the expression of Runx2, Osterix, and OCN using qRT-PCR analysis. (G) BMSCs cultured in adipo-inductive 
medium for 24 days were collected and analyzed by ORO staining (200×). (H) Quantitative analysis of ORO staining; (I) BMSCs from mice 
were induced into adipocytes and applied for the expression of Pparg, Fabp4, and LPL. n=3. *, P<0.05; **, P<0.01; ***, P<0.001. BV/TV, 
bone volume/tissue volume; Tb.N, trabecular number; BMD, bone mineral density; Tb.Sp, trabecular separation

isolated from the caffeine-induced osteoporotic mice 
exhibited lower osteogenic potentials compared to the 
control group (Figure 5D,E). ALP staining also showed 
that the decreased osteogenesis of BMSCs in the caffeine-
treated group could be restrained by PL treatment  
(Figure 5D,5E). Consistent with the staining results, the 
expression levels of the osteoblast-specific genes were 
markedly reduced in BMSCs from the caffeine-related 
osteoporotic mice compared to the control group, and were 
elevated by PL treatment (Figure 5F). 

To further identify the effects of PL on the adipogenic 
di f ferent iat ion of  BMSCs from caffe ine-induced 
osteoporotic mice, BMSCs were isolated from the control, 

caffeine-treated, and caffeine/PL-treated groups, and 
cultured in adipogenic-inducing medium for 24 days. ORO 
staining showed that compared with control group, caffeine 
increased the number of lipid droplets in the caffeine-
treated group (Figure 5G,5H). We also observed that the 
stronger lipid deposits caused by caffeine administration 
could be reduced by PL, confirming that the promotive 
effects of caffeine on the adipogenesis of BMSCs in vivo 
could be offset by PL treatment (Figure 5G,5H). QRT-
PCR analysis validated that excessive caffeine increased 
the adipogenic markers compared with the control in 
mice, and were inhibited by PL treatment (Figure 5I). 
These observations indicated that excessive caffeine could 
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Figure 6 PL reversed the effects of caffeine in BMSCs via the ER pathway. (A) Chemical structures of ICI. (B) ARS staining was performed 
to detect the osteogenesis of BMSCs in the presence of caffeine, caffeine + PL, and caffeine + PL + ICI (100×). (C) Quantitative analysis of 
ARS staining. (D) ALP staining was used to measure the osteogenesis of BMSCs in the presence of caffeine, caffeine + PL, and caffeine + PL 
+ ICI (100×); (E) Quantitative analysis of ALP staining. (F) QRT-PCR analysis was applied to assess the expression of Runx2, Osterix, and 
OCN in BMSCs after treatment with caffeine, caffeine + PL, and caffeine + PL + ICI. (G) ORO staining was conducted to determine the oil 
droplets of BMSCs in the presence of caffeine, caffeine + PL, and caffeine + PL + ICI (200×). (H) Quantitative analysis of ORO staining; (I) 
QRT-PCR analysis was applied to analyze the expression of Pparg, Fabp4, and LPL in BMSCs after caffeine, caffeine + PL, and caffeine + 
PL + ICI treatment. n=3. *, P<0.05; **, P<0.01; ***, P<0.001.

induce bone loss and OP by inhibiting the osteogenesis 
but improving the adipogenesis of BMSCs, which could be 
prevented by PL treatment. 

PL inhibited the caffeine-caused aberrant differentiation 
of BMSCs via the classical ER pathway

To further examine whether the classical ER pathway was 
involved in mediating the protective effects of PL on the 
caffeine-induced abnormal differentiation in BMSCs, ICI 
182,780 (ICI), known as the specific antagonist of ER, was 
applied (Figure 6A). The cells were treated with caffeine, 
caffeine + PL, and caffeine + PL + ICI 182,780, respectively. 
As shown in Figure 6B and 6C, ARS staining revealed that 
the reduced mineralization nodules (caused by caffeine) 

were elevated by PL treatment in BMSCs, whereas they 
could be lowered in the presence of ICI (Figure 6B,6C). 
ALP staining indicated that caffeine could significantly 
suppress the osteogenesis of BMSCs, which was inhibited 
after PL treatment (Figure 6D,6E). Moreover, ICI treatment 
markedly inhibited the mineralization of BMSCs, which 
was promoted by PL (Figure 6D,6E). QRT-PCR analysis 
showed that the expression of osteoblastic markers (Runx2, 
Osterix, and OCN) was decreased in the cells exposed to 
caffeine, which could be reversed in the presence of PL 
(Figure 6F). Moreover, the roles of PL were abolished in the 
presence of ICI (Figure 6F).

As shown by ORO staining, after the adipogenesis 
process of 24 days, caffeine increased the number and 
areas of droplet formation, which could be blocked by 
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PL (Figure 6G,6H). Compared to the caffeine + PL-
treated group, the formation and accumulation of lipid 
droplets were significantly higher in the caffeine + PL + 
ICI-treated group (Figure 6G,6H). As for the expression 
of adipogenesis-related genes (Pparg, Fabp4, and LPL), 
PL completely abolished the promotive effects of caffeine 
in BMSCs, which could be blocked by ICI treatment  
(Figure 6I). The data showed that PL treatment could 
reverse the caffeine-induced aberrant differentiation 
of BMSCs, which was blocked in the presence of ICI, 
suggesting that PL reversed the caffeine-induced damage 
via the ER pathway.

Discussion

Bone diseases, such as OP, are caused by decreased bone 
formation and an increased number of adipocytes (21). 
BMSCs are a type of self-renewing multipotent cell and 
have been extensively applied in the treatment of multiple 
musculoskeletal injuries and disorders (22,23). Maintaining 
skeletal homeostasis depends on the balance between 
osteogenesis and adipogenesis of BMSCs (24-26). Hence, 
targeting biological functions and differentiation of BMSCs 
might be a novel alternative strategy for the treatment 
of bone diseases, including OP (11). In this study, we 
demonstrated that caffeine induced inhibitory effects on 
the cell viability, proliferation, migration, and pluripotency 
of BMSCs in vitro. Further analysis indicated that excessive 
caffeine could induce OP via the suppression of osteogenesis 
and the promotion of adipogenesis of BMSCs. A previous 
study suggested that caffeine is correlated with decreased 
BMD (13). Consistent with previous reports, our results 
showed that caffeine induced bone loss and OP in mice by 
regulating the osteogenesis and adipogenesis of BMSCs. 

P L ,  a  m e t a b o l i c  p r o d u c t  f r o m  t h e  s e e d  o f 
Psoralea corylifolia, exerts anti-inflammatory and 
immunomodulatory functions (27). It is commonly 
applied in traditional Chinese medicine because of its 
pharmacological properties, including anti-bacterial, 
anti-oxidative, radio-preventive, anti-inflammatory, anti-
depressive, and estrogenic-like roles (14,28). PL also 
plays some roles in oxidative stress, cell proliferation, 
apoptosis, and autophagy (14). The present study revealed 
that PL exerted inhibitory effects on the caffeine-induced 
injury in BMSCs and bone loss in mice. However, the 
mechanism of PL on the caffeine-induced injury in BMSCs 
and bone loss in mice has not yet been investigated. 
Therefore, we aimed to investigate whether PL could 

reverse excessive caffeine-caused injury in vitro and  
in vivo and, if so, to elucidate the underlying mechanisms. 
Documented studies have demonstrated that PL regulates 
several extracellular signaling pathways, which include the 
protein kinase B/glycogen synthase kinase 3β/β-catenin 
signaling pathway, the nuclear factor-kappa B (NF-κB) 
and phosphatidylinositol 3 kinase (PI3K)/Akt signaling 
pathway, and the NF-κB and B-cell lymphoma-2 (Bcl-2)/ 
Bcl-2 associated X protein (Bax) signaling pathway 
(16,29,30). Previous studies have demonstrated that PL 
can inhibit the formation of adipocytes by modulating the 
classical and membrane ER pathways (16). The results of 
our study indicated that PL treatment could reverse the 
caffeine-induced dysfunctions and aberrant differentiation 
of BMSCs, and even the bone loss of mice, via a classical 
ER pathway. We report for the first time that different 
concentrations of caffeine could exert a damaging effect 
on the biological functions and differentiation of BMSCs, 
and PL treatment could reverse the damage both in vivo 
and in vitro. We also developed a novel therapeutic method 
that can be applied in the treatment of excessive caffeine-
induced bone loss. 

Taken together, our results strongly suggested that PL 
could play a crucial role in the cell viability, proliferation, 
migration, pluripotency, and differentiation potentials of 
BMSCs, and thereby reverse the dysfunctions and aberrant 
differentiation caused by excessive caffeine. Importantly, PL 
could prevent the bone loss of caffeine-induced osteoporotic 
mice by regulating the osteogenesis and adipogenesis of 
BMSCs. Moreover, PL treatment can effectively promote 
the recovery from caffeine-induced injury of BMSCs and 
osteoporotic mice, and the mechanism might be related to 
the ER pathway.
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