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Abstract
Protocatechuic acid (PCA) is found throughout nature, common to 

the human diet and produced daily by the bacteria in human large bowel 
microbiome. PCA, a food supplement, is safe by any measure; non-toxic, 
non-allergenic and non-mutagenic. Our in vitro results revealed that PCA 
promotes osteoblast differentiation in human mesenchymal stem cell 
(MSC) cultures, as indicated by increased expression of SSP1, RUNX2, 
and ALPL and calcium deposition. These results may ultimately lead to the 
use of PCA, a nutraceutical, for the treatment of metabolic bone disorders, 
osteoporosis, and fractures. 
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Introduction
Osteoporosis is a common disorder among the elderly, many of whom 

develop decreased bone mass due to disorders in bone remodeling mechanisms 
[1,2]. The United States Centers for Disease Control and Prevention estimated 
that in 2017-2018, 10 million people 50 years of age and older (and four to 
five times as many women as men) carried this diagnosis [3]. Recent estimates 
suggest that just over 47 million individuals will develop osteopenia (i.e., 
low bone mass), a condition that puts them at increased risk for ultimately 
developing osteoporosis [4]. 

Although lifestyle and dietary modifications may be useful in preventing 
osteoporosis [5], several specific treatments have recently become available 
[6]. Most of these agents are classified as anti-resorptive, and as a group, 
they target osteoclasts, which break down bone as part of the natural bone 
remodeling process. However, oral osteoporosis medications (including 
alendronate, ibandronate, risedronate, and zoledronic acid) can lead to variety 
of adverse effects, most notably bone, joint, and muscle pain, as well as 
nausea, difficulty swallowing, heartburn, irritation of the esophagus, and in 
some cases, gastric ulcer [7]. Similarly, although uncommon, osteonecrosis 
of the jaw has been recognized as among the most serious of the adverse 
effects of these medications [8]. Romosozumab is a dual action bone density 
drug that carries an increased risk of heart attack, stroke, and death from heart 
disease. [9]

There is clearly a need for safer and effective medicine for osteoporosis. 
Protocatechuic acid (PCA) is possible reagent. PCA has been used for 
centuries in traditional Chinese medicine for a variety of chronic conditions. 
[10]. PCA is found throughout nature. PCA is common to the human diet. 
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PCA is product of the human large bowel microbiome. PCA 
is safe and nontoxic, nonallergenic, and non-mutagenic. The 
pharmacodynamics and pharmacokinetics are known [10].

Recent results revealed that PCA may also be an effective 
treatment for osteoporosis. Because primary osteoporosis 
in women results from excessive bone resorption due to 
estrogen insufficiency that occurs after menopause, most 
of the publications featuring PCA focus on its role in 
arresting osteoclast activity and preventing ongoing bone 
resorption [11-14]. However, we are particularly interested 
in recent reports that highlight PCA's impact on osteoblast 
development [15-17]. Collectively, the results of these latter 
studies suggest that osteoblast progenitors may be an effective 
target for the development of interventions that are effective 
against osteoporosis. 

To the best of our knowledge, there are no published 
studies that have examined the impact of PCA on human 
mesenchymal stem cells that emphasize its potential anabolic 
activity. Thus, this study aimed to explore the contributions of 
PCA to the osteogenic differentiation of human mesenchymal 
stem cells (MSCs). Positive results could broaden clinical 
applications of this agent beyond osteoporosis to include 
fracture healing, new bone formation, bone tissue engineering, 
and other aspects of regenerative medicine. 

Materials and Methods
Cells and reagents

Primary human bone marrow-derived MSCs and their 
respective growth media were obtained from RoosterBio, Inc. 
(Frederick, MD, USA), American Type Culture Collection 
(ATCC, Manassas, VA, USA), and Cell Applications 
(San Diego, CA, USA) and expanded in culture as per 
manufacturers’ instructions. Human osteoblasts (positive 
controls) were from Cell Applications. Crystalline PCA 
(3,4-dihydrobenzoic acid) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Stock solutions were prepared 
in dimethyl sulfoxide (DMSO) at 648 mM and stored at -80 
°C pending use. Alizarin red S was purchased from Pfaltz 
& Bauer (Waterbury, CT, USA, catalog no. 58005) and 
dissolved in distilled water to a stock concentration of 2 mg/
mL, with pH adjusted with 1 M HCl to 4.1-4.3.

Tissue culture
Pre-characterized MSCs were expanded as described, 

transferred to 24-well plates at 104 cells/well, and cultured 
overnight before initiating the experiments. Triplicate wells 
were inoculated with PCA to final concentrations ranging 
from 200 µM to 2 mM, transferred to human osteoblast 
differentiation media (Cell Applications, catalog no. 417D-
250) (positive control), or left untreated (negative control). 
Cultures were maintained for 14 to 21 days, with media 
changed twice each week. Each experiment was repeated 
three to four times. 

RNA extraction and quantitative reverse transcription 
polymerase chain reaction

RNA was extracted from cultured cells on day 14 and 
day 21 using RNeasy kits (Qiagen, Germantown, MD, USA). 
No obvious cytotoxicity was noted (i.e., floating or detached 
cells). cDNA was synthesized from 50 ng of RNA using 
a high-capacity cDNA reverse transcription kit (Applied 
Biosystems, Waltham, MA, USA). Expression of osteogenic 
genes, including osteopontin (also known as secreted 
phosphoprotein-1, SPP1), RUNX family transcription factor 
2 (RUNX2), tissue nonspecific alkaline phosphatase (ALPL), 
and bone sialoprotein (also known as integrin-binding 
sialoprotein, IBSP), was evaluated by reverse-transcription 
quantitative polymerase chain reaction (RT-qPCR) using 
pre-validated TaqMan® gene expression reagents (Applied 
Biosystems). GAPDH was used to normalize gene expression. 

Alizarin red staining
Cells cultured for 21 days as described above were 

stained with Alizarin red. The cells were fixed in 4% 
paraformaldehyde in PBS for 10 minutes and then washed 
three times with distilled water before adding Alizarin red 
stain for 2 minutes. After removal of the stain, the wells were 
washed with distilled water and maintained in distilled water 
for microscopic assessment of the stained cells.

Statistical evaluation
The qRT-PCR findings are presented as mean fold-change 

over gene expression levels in the negative control/untreated 
cells calculated using the ΔΔCt method.

Results
In the following experiments, we examined the expression 

of four osteoblast-associated genes (SSP1, RUNX2, ALPL, 
and BSP) and calcium deposition in human MSCs cultured 
for two to three weeks with PCA.

As shown in Figure 1, we observed a prominent dose-
dependent increase in the expression of SSP1 (osteopontin), 
reaching levels of 8 – 30-fold over background in response to 
2 mM PCA. Interestingly, SSP1 expression levels observed in 
response to PCA were higher than those detected in cultures 
maintained in commercial osteogenic medium alone.

Expression of SSP1 (fold over untreated [negative 
control]) in human MSCs from three distinct sources after 
14 and 21 days in culture with increasing concentrations of 
PCA or commercial osteogenic medium (positive control). 
Abbreviations: RBio, Rooster Bio, Inc.; ATCC, American 
Type Culture Collection; CA, Cell Applications; PCA, 
protocatechuic acid. 

RUNX2 expression also increased in response to PCA, 
albeit somewhat less consistently (Figure 2). The human 
MSCs from ATCC responded the most consistently, with 
~1.5-fold increases.
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RUNX2 expression after 14 days in culture over the full 
range of PCA concentrations (2 µM to 2 mM). 

Expression of RUNX2 (fold over untreated [negative] 
control) in human MSCs from three distinct sources after 
14 and 21 days in culture with increasing concentrations of 
PCA or commercial osteogenic medium (positive control). 
Abbreviations: RBio, Rooster Bio, Inc.; ATCC, American 

Type Culture Collection; CA, Cell Applications; PCA, 
protocatechuic acid. 

By contrast, ALPL (tissue nonspecific alkaline 
phosphatase) expression in response to PCA exhibited no 
dose-dependence and was overall similar to that observed in 
response to the commercial osteogenic medium (Figure 3). 

Expression of ALPL (fold over untreated [negative] 

 
Figure 1: At all doses and in all three cell lines, the expression of Osteopontin was even higher than that measured 
in the positive control. 

 
Figure 2: PCA increased RUNX2 expression relative to negative control and was generally equivalent 
to or higher than the positive osteogenic control. 



Johnson LL, et al., J Ortho Sports Med 2025
DOI:10.26502/josm.511500244

Citation:	Lanny L. Johnson, Peter Chen, Darryl D’Lima. Protocatechuic Acid Promotes Osteoblast Differentiation of Human Mesenchymal Stem 
Cells: Impact on Bone Metabolism, Osteoporosis and Fractures. Journal of Orthopedics and Sports Medicine. 7 (2025): 579-584.

Volume 7 • Issue 4 582 

control) in human MSCs from three distinct sources after 
14 and 21 days in culture with increasing concentrations of 
PCA or commercial osteogenic medium (positive control). 
Abbreviations: RBio, Rooster Bio, Inc.; ATCC, American 
Type Culture Collection; CA, Cell Applications; PCA, 
protocatechuic acid. 

Interestingly, although IBSP was expressed prominently 

(~25-100-fold over untreated control) in human MSCs 
cultured in commercial osteogenic medium, a similar pattern 
was not observed in the PCA-treated cultures (Figure 4).

Expression of IBSP (fold over untreated [negative] 
control) in human MSCs from three distinct sources after 
14 and 21 days in culture with increasing concentrations of 
PCA or commercial osteogenic medium (positive control). 

 
Figure 3: PCA increased the expression of alkaline phosphatase relative to negative control in the majority of dose levels 
and time points but not relative to the osteogenic conditions.

 Figure 4: PCA had no significant positive effect on bone sialoprotein. 
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Our study has several limitations. First, although we detect 
the prominent expression of several osteogenic genes, we have 
not yet documented protein expression and cell morphology. 
Likewise, although our findings suggest that PCA-treated 
human MSC cultures generate functional osteoblasts, calcium 
deposition was not evaluated quantitatively. These issues can 
be addressed in future studies. 

Collectively, these findings add to the growing literature 
focused on alternative targets for osteoporosis therapy. Other 
agents under exploration that target osteoblast development 
for this application include bone marrow morphogenetic 
proteins, Wnt signaling regulators, and proteosome inhibitors, 
as well as other natural compounds [26-31]. Once validated 
and introduced into clinical practice, protocatechuic acid, 
a nutraceutical might be used as an alternative or even in 
conjunction with current osteoclast-targeting agents as 
much-needed anabolic treatments for osteoporosis as well as 
enhanced fracture healing, bone tissue engineering, and other 
aspects of regenerative medicine.
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