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Abstract
Background: Osteoporosis, a condition characterized by a pathologic 
decrease in bone density, is a common disorder in the elderly. Although 
anti-resorptive agents that target osteoclasts (e.g., bisphosphonates) are 
available to treat this condition, very few of the current drugs were of 
anabolic nature and designed to target osteoblasts. Protocatechuic acid 
(PCA, 3,4-dihydroxybenzoic acid), a nutraceutical is one such reagent.

Purpose: This proof-of-concept study was designed to determine whether 
PCA, an abundant natural phenolic acid, promotes gene expression in 
human osteoblasts in culture. 

Methods: Osteogenic and anti-osteogenic gene expression was evaluated 
by quantitative reverse transcription-polymerase chain reaction in 
osteoblasts cultured for 12 days with increasing concentrations (1 µM – 
100 µM) of PCA. 

Results: PCA induced osteopontin (SSP1), bone sialoprotein (IBSP), tissue 
nonspecific alkaline phosphatase (ALPL), and bone morphogenetic protein 
6 (BMP6), but not RUNX2 expression over levels detected in untreated 
osteoblast cultures (negative control). Interestingly, peak SSP1 expression 
observed in response to the highest PCA concentrations (50 µM – 100 µM) 
exceeded levels detected in cultures maintained in commercial osteogenic 
medium (positive control). By contrast, although PCA induced the 
expression of IL1B, both TNF and MMP1 were downregulated compared 
to untreated controls.

Conclusion: The results of this study revealed that PCA had a prominent 
impact on osteogenic and anti-osteogenic gene expression in human 
osteoblasts. Further research will be needed to determine if PCA or a 
biochemical derivative might be used clinically as part of an effective 
regimen to treat osteoporosis, bone metabolism and fractures.

Keywords: Protocatechuic acid; Osteoblasts; Osteogenesis; Osteoporosis; 
Osteopenia; Fractures

Introduction 
Osteoporosis, a common disorder among the elderly, frequently leads to 

an increased risk of severe fractures, debilitating pain, and poor quality of 
life [1-3]. Although bisphosphonate drugs (e.g., alendronate, risedronate, and 
others), stable derivatives of pyrophosphate that target osteoclast activity, 
are highly effective treatments for this disorder [4,5], the results of recent 
studies suggest that other pathways associated with bone development might 
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also be exploited [6]. In addition to osteoclasts, osteoblasts, 
osteocytes, and their progenitors may also be suitable targets 
for drug therapy. Unlike osteoclasts, which are derived from 
monocytes/macrophages and break down bone as part of 
the natural remodeling process, osteoblasts and osteocytes 
are synthetic cells that promote bone growth and mineral 
deposition. Osteoblasts develop from mesenchymal and 
pre-osteoblast progenitor cells found in various skeletal 
niches via a process involving several key signaling and 
transcriptional regulators, including RUNX1 and RUNX2 
[7,8]. Osteoblasts in bone can then develop into osteocytes, 
which are cells that maintain bone mineralization, transduce 
signals, and function as mechanosensors to facilitate bone 
remodeling [9,10]. While a few currently available drugs 
(e.g., teriparatide) can be used to promote bone deposition 
in patients diagnosed with osteoporosis, it is by injection and 
not without many potential side effects. There is clearly a 
need for more research into the possibility of targeting and 
amplifying this pathway, especially one with few side effects. 
Natural products research has provided new insights into 
osteoporosis treatment strategies. For example, the abundant 
naturally occurring phenolic acid, protocatechuic acid (PCA; 
3,4-dihydroxybenzoic acid), has been used for centuries in 
traditional Chinese and other alternative medicinal regimens 
as an anti-inflammatory, anti-bacterial, and analgesic agent 
[11]. PCA is safe, non-toxic by any measure and non-
allergenic, non-mutagenic. The pharmacodynamics and 
pharmacokinetics are known. Recent results suggest that PCA 
may also be an effective treatment for osteoporosis. Although 
most of the publications featuring PCA focus on its role in 
arresting osteoclast activity and preventing ongoing bone 
resorption [12-15], we are particularly interested in recent 
reports that highlight its impact on osteoblast activation and 
development [16-18]. Collectively, the results of these latter 
studies suggest that osteoblasts and their progenitors targeted 
by PCA may be effective targets for the development of 
new strategies to treat osteoporosis. Interestingly, results 
from our recent study revealed that human mesenchymal 
stem cells responded to PCA with increased expression of 
several genes implicated in osteogenesis, including SSP1 
and RUNX2 (manuscript in preparation). Thus, this study 
aimed to determine the impact of PCA on the osteogenic 
differentiation of isolated human osteoblasts. If positive, the 
results from this study might be expanded to conditions other 
than osteoporosis and may ultimately be used to improve 
fracture healing and other aspects of regenerative medicine. 

Materials and Methods 
Cells and reagents

Primary human osteoblasts and human osteoblast basal 
medium were obtained from Cell Applications (San Diego, 
CA, USA). Cells were expanded in cultures with basal medium 
supplemented with human osteoblast growth supplement 
containing 0.15 g/L calcium as per the manufacturer’s 

instructions. Human osteoblast differentiation medium 
(osteogenic medium, 0.2 g/L calcium) was also purchased 
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 
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
Osteoblasts were expanded and transferred to 24-

well plates at 104 cells/well, and cultured overnight before 
initiating the experiments. Triplicate wells were either 
inoculated with PCA to final concentrations ranging from 1 
to 100 µM, transferred to human osteoblast differentiation 
medium (positive control; no PCA), or left untreated (negative 
control). Cultures were maintained for 12 days, with media 
changed every three days. Each experiment was performed 
three to four times. 

RNA extraction and quantitative reverse 
transcription polymerase chain reaction

RNA was extracted from cultured cells on day 12 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 
(osteopontin [secreted phosphoprotein-1, SPP1], RUNX 
family transcription factor 2 [RUNX2], tissue nonspecific 
alkaline phosphatase [ALPL], and bone sialoprotein [integrin-
binding sialoprotein, IBSP]), anti-osteogenic genes (tumor 
necrosis factor alpha [TNF], interleukin (IL)-1beta [IL1B], 
IL-6 [IL6], and matrix metalloproteinase-1 [MMP1]), and the 
growth factor bone morphogenetic protein 6 (BMP6) were 
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. 

Calcium assay
Cells cultured for 12 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 the negative control calculated using the ΔΔCt method.
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Results 
In the following experiments, we examined the expression 

of osteoblast-associated developmental genes (SSP1, RUNX2, 
ALPL, and BSP), anti-osteogenic cytokines (TNF, IL6, 
IL1B, and MMP1), and the growth factor, BMP6, in human 
osteoblasts cultured for 12 days with PCA.

As shown in Figure 1, we observed a prominent dose-
dependent increase in the expression of SSP1, ranging from 
2 to greater than 10-fold over background levels in response 
to 10 and 100 µM PCA, respectively. Interestingly, peak 
SSP1 expression observed in response to PCA was higher 
than that detected in cultures maintained in commercial 
osteogenic medium (positive control). Interestingly, although 
no increase in IBSP expression was observed in cultures 
maintained in commercial osteogenic medium alone, similar 
dose-dependent increases in IBSP and ALPL expression were 
observed in the experimental cultures, peaking at 8-fold and 
4 to 5-fold, respectively, over background levels in response 
to 100 µM PCA. By contrast, we observed only minimal 
increases in RUNX2 expression in response to PCA, reaching 
levels that largely matched those observed in the positive 
control cultures (i.e., 2-fold over background).

osteogenic medium had little to no impact on TNF expression, 
moderate down-regulation was observed in response to PCA. 
By contrast, PCA-induced expression of BMP6 largely 
paralleled the response observed to commercial osteogenic 
medium (Figure 3).

Figure 1: Dose-dependent effect of PCA on osteogenic gene 
expression.

 

Figure 2: Dose dependent effect of PCA on anti-osteogenic gene 
expression.

 

Figure 3: Expression Dose dependent effect of PCA on growth 
factor gene expression.

Expression of IBSP, SPP1, TNAP, and RUNX2 (fold 
over untreated [negative control]) in human osteoblasts 
after 12 days in culture with increasing concentrations of 
PCA or commercial osteogenic medium (positive control). 
Abbreviations: Osteo, commercial osteogenic medium; 
PCA, protocatechuic acid. We then examined the impact of 
increasing concentrations of PCA on the expression of key 
anti-osteogenic genes (Figure 2). As shown, we observed 
an overall down-regulation of osteogenic gene expression, 
notably, prominent decreases in IL1B and MMP1, in 
osteoblast cultures maintained in commercial osteogenic 
medium. Interestingly, although PCA also induced a net 
down-regulation of MMP1, a prominent increase in IL1B 
expression (to nearly 5-fold over background) was observed 
under otherwise identical conditions. Similarly, while 

Expression of TNF, IL6, IL1B, and MMP1 (fold over 
untreated [negative control]) in human osteoblasts after 
12 days in culture with increasing concentrations of PCA 
or commercial osteogenic medium (positive control). 
Abbreviations: Osteo, commercial osteogenic medium; PCA, 
protocatechuic acid.

Expression of BMP6 (fold over untreated [negative 
control]) in human osteoblasts after 12 days in culture with 
increasing concentrations of PCA or commercial osteogenic 
medium (positive control). Abbreviations: Osteo, commercial 
osteogenic medium; PCA, protocatechuic acid. Although 
calcium deposition was detected in the positive control, this 
could not be detected in any of the cultures containing PCA 
(data not shown). 
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Discussion 
Despite many recent advances and the availability of 

new treatment options, osteoporosis remains a serious 
problem in the elderly, with a significant impact on quality 
of life. Natural products may represent an untapped source 
of effective therapies for this disorder. Among these, PCA, 
a natural antioxidant and anti-inflammatory agent found 
in abundance in many fruits, vegetables, and grains, and 
common to the human diet might be developed and exploited 
as a treatment for this disease [11,13,19]. Several groups have 
already explored this possibility, including Wu et al. [14], 
who reported that PCA inhibited osteoclast development and 
promoted apoptosis, and Jang et al. [12] and Park et al. [15], 
who explored the impact of PCA in experimental models of 
bone loss in vivo. Others have explored the impact of PCA on 
the development and activation of osteoblasts both in vitro 
and in experimental animal model systems [16-18]. In this 
study, we examined the impact of PCA on gene expression 
in short-term cultures of isolated human osteoblasts. Overall, 
our results suggest that human osteoblasts responded 
positively to PCA with increased expression of SSP1, 
ALPL, and IBSP, but interestingly, not RUNX2. Osteopontin 
(encoded by SSP1) is a key differentiation marker of the 
osteoblast lineage and is expressed in response to osteotropic 
hormones as well as growth factors, mechanical stress, and 
inflammatory cytokines [20-24]. Osteopontin is synthesized 
and released by both osteoblasts and osteocytes into the 
extracellular matrix, where it promotes tissue mineralization 
and bone formation and thus may play a prominent role in 
osteoblast to osteocyte conversion [25,26]. Cultured human 
osteoblasts also expressed ALPL and IBSP in response to 
increasing concentrations of PCA. IBSP is the main structural 
protein of bone and is expressed primarily by osteoblasts 
[27]. By contrast, and in addition to its contributions to 
tissue mineralization, Nakamura et al. [28] reported that 
tissue nonspecific alkaline phosphatase also served as a 
critical regulator of osteoblast differentiation, potentially by 
controlling the expression of RUNX2.

Interestingly, PCA had no impact on the RUNX2 
expression in osteoblast cultures. RUNX2 is a master 
regulator of osteogenesis, controlling transcription of many 
genes (including Spp1 and Ibsp, among others), that play 
critical roles in the conversion of pluripotent progenitors to 
mature osteoblasts. However, and despite its essential role in 
promoting early osteoblast development, RUNX2 is down-
regulated to facilitate the development of mature osteoblasts 
[29] and is not among the major transcripts identified in 
differentiated osteocytes [30]. Our findings are consistent 
with these earlier observations. There is a substantial 
literature that considers the interactions of cytokines with 
and their synthesis by cells comprising the skeletal system 
(i.e., osteoimmunology) (reviewed in [31,32]). While there 

are several reports documenting the activities of several pro-
osteoblastic mediators (e.g., interleukin-10 (IL-10), IL-11, 
IL-18, interferon-γ (IFN-γ) as well las cytokine synthesis 
(IL-1B, IL-6) in osteoblasts [33] as a group, most of these 
mediators (e.g., TNF-α, IL-1α, IL-4, IL-7, IL-12, IL-13, IL-
23, IFN-α, and IFN-β, among others) suppress osteoblast 
differentiation and/or promote osteoclast activity [34-37]. 
Similarly, BMP6, a member of the transforming growth 
factor-beta (TGF-β) cytokine superfamily, also regulates 
osteoclast activity and promotes bone remodeling [38]. Our 
study has several limitations. First, although we reported 
the differential expression of several osteogenic and anti-
osteogenic genes, we did not document protein expression 
or cell morphology. Likewise, although our findings suggest 
that PCA may have a pronounced impact on gene expression 
in human osteoblasts, the results will need to be validated in 
longer-term cultures and in vivo experimental models. These 
issues can be addressed in future studies.

Conclusion 
Collectively, our findings on the impact of PCA on isolated 

human osteoblasts add to the growing literature focused on 
developing new drugs and alternative targets for osteoporosis 
therapy. Ultimately, PCA and/or an effective derivative may 
be available for use as an alternative therapeutic agent for 
patients diagnosed with osteoporosis and osteopenia, as well 
as other disorders of the skeletal system.
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