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Abstract: Polyphenolic compounds are a diverse group of natural compounds that interact with
various cellular proteins responsible for cell survival, differentiation, and apoptosis. However, it
is yet to be established how these compounds interact in myeloid cells during their differentiation
and the molecular and intracellular mechanisms involved. Osteoclasts are multinucleated cells that
originate from myeloid cells. They resorb cartilage and bone, maintain bone homeostasis, and can
cause pathogenesis. Autophagy is a cellular mechanism that is responsible for the degradation of
damaged proteins and organelles within cells and helps maintain intracellular homeostasis. Im-
balances in autophagy cause various pathological disorders. The current study investigated the
role of several polyphenolic compounds, including tannic acid (TA), gallic acid (GA), and ellagic
acid (EA) in the regulation of osteoclast differentiation of myeloid cells. We demonstrated that
polyphenolic compounds inhibit osteoclast differentiation in a dose-dependent manner. Quantitative
real-time PCR, immunocytochemistry, and western blotting revealed that osteoclast markers, such
as NFATc1, Cathepsin K, and TRAP were inhibited after the addition of polyphenolic compounds
during osteoclast differentiation. In our investigation into the molecular mechanisms, we found that
the addition of polyphenolic compounds reduced the number of autophagic vesicles and the levels
of LC3B, BECN1, ATG5, and ATG7 molecules through the inactivation of Akt, thus inhibiting the
autophagy process. In addition, we found that by decreasing intracellular calcium and decreasing
ROS levels, along with decreasing mitochondrial membrane potential, polyphenolic compounds in-
hibit osteoclast differentiation. Together, this study provides evidence that polyphenolic compounds
inhibit osteoclast differentiation by reducing ROS production, autophagy, intracellular Ca2+ level,
and mitochondrial membrane potentials.

Keywords: autophagy; ellagic acid; gallic acid; mitochondrial membrane potential; osteoclast differ-
entiation; ROS; tannic acid

1. Introduction

Polyphenolic compounds are primarily isolated from plants and are involved in
various biological processes in animal cells. They play a protective role against various
pathological conditions, including neurodegenerative and cardiovascular diseases, cancer,
and osteoporosis [1]. Among the different polyphenolic compounds, tannic acid (TA), gallic
acid (GA) and ellagic acid (EA) have strong antimicrobial, antivirus, anti-inflammatory,
and anti-cancer properties [2]. TA is a water-soluble polyphenol that can be derived from
various types of fruits, vegetables, wine, and tea [3]. GA (3,4,5-trihydroxy benzoic acid)
is a bioactive compound found in plants and foods such as white tea and witch hazel [4].
EA is naturally available in its bound form as glycoside derivatives or as ellagitannins
in nuts such as walnuts, common fruits such as pomegranates and grapes, and berry
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fruits such as raspberries, strawberries, and blueberries [5]. It was shown that some of the
polyphenolic compounds exert their beneficial effect through their antioxidant properties
since they scavenge reactive oxygen species (ROS) generated within cells [6]. The interac-
tion between the polyphenolic compounds and intracellular signaling cascades including
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), protein kinase B(PKB)/Akt, tyro-
sine kinase, protein kinase C (PKC), and mitogen-activated protein kinases (MAPKs), pri-
marily lead to anti-inflammatory, chemo-preventive and chemotherapeutic activities [7,8].
The mode of action of polyphenolic compounds varies depending upon concentration and
the application within a biological system [9].

Establishing a correlation between the presence of polyphenols in a compound and
the beneficial effects mediated by polyphenols is very difficult because of the limited
understanding of their bioavailability; generally, the small intestine can absorb polyphenols
in the form of aglycones, but many of them in their native form are esters, glycosides or
polymers that cannot be absorbed by the gut [10]. These compounds need to be metabolized
by intestinal enzymes or the gut microflora [11]. Multiple studies showed that there is
some degree of correlation between intake of polyphenols and bone health [12–14]. This is
mainly due to their antioxidant properties, as oxidative stress plays an important role in
the pathogenesis of osteoporosis [15]. Besides their scavenging properties, polyphenols
can influence bone metabolism by downregulating inflammatory mediators [16] such
as cytokines that are primarily implicated in sustaining osteoclast differentiation and
activity [17,18]. This action contributes to a reduction in bone resorption. However, it is yet
to be established how these polyphenolic compounds regulate myeloid cells during their
osteoclast differentiation, and how intracellular and molecular mechanisms operate during
this process.

Myeloid cells are an important subset of immune cells that play a critical regulatory
role in mediating inflammation and destroying bone and cartilage in various skeletal
diseases. Most bone and cartilage-related diseases are very complex in nature, where
infiltration of myeloid cells takes place into the joint followed by interactions with local
cellular constituents such as synovial fibroblasts and other infiltrated lymphocytes, lead-
ing to eventual tissue and cartilage destruction [19–25]. As myeloid cells are critical in
tissue destruction processes, a greater understanding of the mechanisms of the monocyte
differentiation process is important to specifically target those mechanisms. Osteoclasts
are multinucleated cells, which are differentiated from myeloid cells and highly express
tartrate-resistant acid phosphatase and calcitonin receptors. These cells are capable of
resorbing bone and maintaining healthy bone turnover; however, hyper-activation of these
cells leads to bone pathogenesis due to excessive bone destruction [26,27]. The complex pro-
cess of osteoclast differentiation mainly depends on the rearrangements of the cytoskeletal
structure and changes that occur in the organelles within the myeloid cells. It is shown that
an intracellular protective mechanism, autophagy, is involved in these orchestrated pro-
cesses of osteoclast differentiation that maintain bone homeostasis and develop pathogenic
conditions in bone-related diseases through an unclear mechanism [28]. However, the
activation of autophagy may scavenge reactive oxygen species, which contributes to in-
creased osteogenic differentiation of bone marrow stem cells, showing the involvement of
autophagy in bone biology [29].

A mammalian cell uses autophagy to recycle its damaged proteins and organelles
through an intracellular catabolic process [30]. Generally, when cells are under stress or
in adverse conditions, the autophagy process helps them to adapt to the harsh environ-
mental conditions and ensures the availability of compounds necessary for the synthesis
of required macromolecules. This process is key for cellular survival; however, long-term
autophagy can lead to cell death [31]. Too much accumulation of damaged proteins and
micro- and macro-organelles causes ROS production within the cells, which is ultimately
deleterious for cells and the organism [31]. During various types of cellular differenti-
ation, autophagy plays an important role [32]. However, impairment of the autophagy
process leads to numerous pathological conditions, including rheumatoid arthritis and
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Paget’s disease in bone [33,34]. Our current study focuses on delineating and defining the
molecular and cellular mechanisms involved in the osteoclast differentiation process in the
presence of polyphenolic compounds. Establishing molecular and cellular mechanisms
will facilitate the development of potential targeted therapeutics for the management of
bone-related diseases.

2. Materials and Methods
2.1. Reagents and Antibodies

The monocytic cell line (RAW264.7) used for experiments was obtained from Amer-
ican Type Culture Collection, ATCC TIB-71. Soluble (s) RANKL (315-11-100UG) and
macrophage colony-stimulating factor (M-CSF) (315-02-100UG) were obtained from Pepro
Tech Incorporated. The tartrate-resistant acid phosphatase (TRAP) Assay Kit (387A-1KT),
Tannic acid (1401-55-4), Gallic acid (149-91-7), and Ellagic acid (476-66-4), DCFDA (D6883),
fluo 4 (F14201) were obtained from Sigma-Aldrich Corporation. DAPI (P36931) was pur-
chased from Invitrogen Corporation, Waltham, MA, USA. Antibodies for BECN1 (3495S),
ATG5 (12994S), LC3B (12741S), NFATc1 (8032), and GAPDH (2118S) were purchased from
Cell Signaling Technology. Cathepsin K (ab188604) and TRAP (ab185716) antibodies were
purchased from Abcam Inc. JC-1 Dye (T3168) and mitoSOX red compounds (M36008) were
the product of Thermo Fischer Scientific, Waltham, MA, USA.

2.2. Osteoclast Differentiation

RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 100 U ml−1 penicillin-streptomycin all
from GIBCO (Thermo Fisher Scientific, Waltham, MA, USA) and were incubated in 5% CO2
at 37 ◦C. Cells were harvested and sub-cultured according to experimental requirements.
We have induced osteoclast differentiation from RAW264.7 cells by culturing in DMEM
containing 10% heat-inactivated FBS in the presence of 20 ng/ml M-CSF and 40 ng/mL
sRANKL for 6 days. In separate experiments, cells were also differentiated in the absence
or presence of various non-toxic concentrations (0, 10, 20, 30, or 50 µM) of tannic acid, gallic
acid, or ellagic acid. Fresh medium was replaced every two days in the presence or absence
of stimulators and/or inhibitors.

2.3. TRAP Staining

To determine the presence of osteoclast differentiation, we stained cells with a TRAP
staining kit following the manufacturer’s protocol. In brief, monocytes were cultured on
coverslips placed in a 6-well plate for osteoclast differentiation with M-CSF and SRANKL
in the presence or absence of TA, GA, or EA. On day 6 of the culture, each coverslip
was removed from the wells, and cells were fixed with 4% paraformaldehyde in PBS for
20 min at room temperature and before being washed with PBS. Next, 5 µL of sodium
nitrite solution and 5 µL Fast Garnet GBC base solution were mixed for each coverslip
and incubated for 30 s. Then, 5 µl of acetate solution, 10 µl of naphthol AS-BI phosphate
solution, 20 µl of tartrate solution, and 450 µl of deionized water (pre-warmed to 37 ◦C)
were mixed. This solution was added onto each coverslip, which was placed into a well of
a new 6-well plate and incubated for 1 h at 37 ◦C in a water bath in absence of light. Finally,
the coverslips were rinsed with deionized water thoroughly, mounted on a glass slide, and
examined under a light microscope, (Olympus Corporation of the Americas, Waltham, MA,
USA, ix81). TRAP-positive cells (purple) containing at least three nuclei were counted as
osteoclast cells.

2.4. Acidic Vesicular Organelles Staining

To determine the effect of polyphenolic compounds on autophagic vesicle formation
during osteoclast differentiation, RAW264.7 cells were differentiated with M-CSF and
sRANKL in the absence or presence of TA (30 µM), GA (30 µM), or EA (30 µM). Every
2 days, fresh medium with osteoclast differentiation stimulators and polyphenolic com-
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pounds was added to the cultures. On day 6, after the osteoclast differentiation, cells were
stained with the auto-fluorescent compound monodansylcadaverine (MDC) according to
the manufacturer’s protocol. In, brief, cells were incubated with a 50 mmol/L concentration
of MDC at 37 ◦C for 15 min and washed with PBS. The cells were then mounted on a glass
slide, viewed under a fluorescence microscope (Olympus Corporation of the Americas,
Waltham, MA, USA, ix81), and images were captured digitally.

2.5. Western Blot Analysis

Western blot was performed to determine the levels of osteoclast differentiation-related
marker proteins such as NFATc1, Cathepsin K, and TRAP, and the autophagic proteins
BECN1, ATG5, ATG7, and LC3B in RAW264.7 cells during differentiation in the presence
or absence of TA (30 µM), GA (30 µM), or EA (30 µM). GAPDH was used as an internal
control. The cells were lysed in 100 µL pre-cooled RIPA lysis buffer (Millipore, Sigma
Aldrich Corporation, St. Louis, MO, USA, #20-188, 20-188) for 30 min on ice and centrifuged
at 12,000× g for 12 min. The supernatant was collected and the protein concentration was
estimated with Bradford’s reagent (Bio-Rad Laboratories, Hercules, CA, USA, #5000006),
using bovine serum albumin (BSA) (Sigma Aldrich Corporation, St. Louis, MO, USA,
#A7906-10G) as a standard. Equal amounts of protein (40 µg) were separated by SDS-PAGE
gels electrophoretically and transferred to a polyvinylidene difluoride membrane (Bio-Rad
Laboratories, Hercules, CA, USA, #1620115). After blocking with 5% BSA for 1 h at room
temperature, the membranes were probed with primary antibodies for 12–16 h at 4 ◦C.
Then, membranes were incubated with an appropriate HRP (horseradish peroxidase)-
labeled secondary antibodies (Cell Signaling Technology, Danvers, MA, USA, #7074, and
#7076) for 2 h at room temperature. Immunoreactive protein bands were visualized by
enhanced chemiluminescence (ECL, Amersham Pharmacia Biotechnology, Amersham, UK,
#RPN2232), and the band detections were kept within the linear range.

2.6. RNA Extraction and Real-Time PCR

TRIzol reagent (Invitrogen Corporation, Waltham, MA, USA, #15596026) was used
for the extraction of RNA, and cDNA was prepared using the PrimeScript reverse tran-
scription kit according to the manufacturer’s protocols. Real-time PCR amplification re-
actions were performed with the SYBR Green PCR Kit (Applied Biosystem, Waltham,
MA, USA, #4309155). The relative expression of each target gene was quantified by
calculating 2−∆∆CT (threshold cycle) values normalized by β-Actin levels. Each sam-
ple was analyzed in triplicate. The following primer sets were purchased from Sigma
Aldrich Corporation and were used for amplification. Becn1, 5′-TTT TCT GGA CTG
TGT GCA GC-3′ (forward), 3′ -GCTTTTGTCCACTGCTCCTC-5′ (reverse); Map1lc3b, 5′-
GTCAGATCGTCTGGCTCGG-3′ (forward), 5′-TGCAAGCGCCGTCTGATTAT-3′ (reverse);
Atg7, 5′-TTGAGCGGCGACAGCATTA3′ (forward), 5′-TGAGGAAAGCCTCATGGCAG-
3′(reverse); β-Actin 5′-GGCACCACACCTTCTACAATG-3′ (forward), 5′-GGGGTGTTGAA
GGTCTCAAAC-3′ (reverse); Ctsk5′-ATGTGAACCATGCAGTGTTGGTGG-3′ (forward)’ 5′-
ATGCCGCAGGCGTTGTTCTTATTC-3′(reverse); Nfatc1 5′-AGATGGTGCTGTCTGGCCAT
AACT-3′(forward), 5′-TGCGGAAAGGTGGTATCTCAACAA-3′ (reverse). Trap 5′-GCCTTG
TCAAGAACTTGCGACCAT-3′(forward), 5′-TTCGTTGATGTCGCACAGAGGGAT -3′ (reverse).

2.7. Immunofluorescence Staining

To investigate osteoclast differentiation in the absence or presence of TA (30 µM), GA
(30 µM), or EA (30 µM), immunofluorescence analysis was performed for NFATC1, Cathep-
sin K, and TRAP molecules. In brief, RAW264.7 cells were grown on sterile coverslips
inserted into a 6-well plate. After 24 h of culture, cells underwent osteoclast differentia-
tion with M-CSF and sRANKL in the absence or presence of TA, GA, or EA compounds.
After 6 days of differentiation, cells were fixed with 4% paraformaldehyde (Santa Cruz
Biotechnology, Dallas, TX, USA, #sc-281692) for 30 min. After washing with PBS, cells were
permeabilized with 0.1% Triton X-100 (Sigma Aldrich Corporation, St. Louis, MO, USA,
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#T8787) and blocked with 1% BSA. Then, cells were incubated with 200µL of primary
antibody (1:200) overnight at 4 ◦C. After washing with PBS, cells were incubated with
200µL of secondary anti-rabbit or anti-mouse antibodies (Alexa Fluor 488, A11001 or Alexa
Fluor 594, A21235; 1:2000 dilution; Invitrogen Corporation) for 45 min in the dark. After
incubation, cells were washed thrice with PBS (GIBCO, Thermo Fisher Scientific, Waltham,
MA, USA, #70013-032) and mounted with 4, 6-diamidino-2-phenylindole, dihydrochloride
(DAPI, Invitrogen Corporation, Waltham, MA, USA, #D1306) on glass slides and sealed
with transparent nail varnish. Slides were viewed under a fluorescence microscope and
images were captured digitally using an Olympus ix81 microscope with Slidebook 5.0 × 64
software (Olympus, Tokyo, Japan).

2.8. Detection of Mitochondrial Membrane Potential

To determine mitochondrial membrane potential after the addition of TA (30 µM), GA
(30 µM), or EA (30 µM) compounds during 6 days of osteoclast differentiation of RAW264.7
cells, staining was performed using JC-1 dye. In brief, RAW264.7 cells were grown on sterile
coverslips inserted into each well of a 6-well plate. After 24 h of culture, cells underwent
osteoclast differentiation with M-CSF and sRANKL in the absence or presence of TA, GA, or
EA compounds. After 6 days of differentiation, cells were stained with JC-1 dye, mounted
on a slide with DAPI, and sealed with transparent nail varnish. Imaging was performed
under a super-resolution confocal microscope (Leica Stellaris 8 STED, Wetzlar, Germany)
using a 100x objective, and images were analyzed using LAS X image analysis software.
Each experiment was performed in triplicate, and experiments were performed at least
three times.

2.9. Detection of ROS

Reactive oxygen species (ROS) detection was performed by using the fluorogenic dye
2′,7′- dichlorodihydrofluorescein diacetate (DCFDA), which enters the cells and interacts
with a reactive oxygen molecule to form the green fluorescent compound dichlorodihy-
drofluorescein (DCF). In short, a stock solution of DCFDA (10 mM) was prepared in
methanol and was further diluted with culture medium to a working solution of 100 µM.
RAW264.7 cells (2× 105) were seeded on a coverslip inserted into each well of a 6-well plate
and incubated overnight. The next day, cells were subjected to osteoclast differentiation in
the presence or absence of each of the polyphenolic compounds (30 µM). After treatments,
coverslips were washed with ice-cold Hank’s balanced salt solution (HBSS) and incubated
with 100 µM of DCFDA for 30 min at 37 ◦C. After washing with 1 × PBS, the coverslips
were mounted on glass slides with DAPI. Imaging was performed under a super-resolution
confocal microscope (Leica Stellaris 8 STED, Wetzlar, Germany) using a 100× objective,
and images were analyzed using LAS X image analysis software. Each experiment was
performed in triplicate, and experiments were performed at least three times.

2.10. Detection of Mitochondrial ROS

Cellular mitochondrial ROS generation was evaluated by using the mitoSOX red com-
pound (#M36008, Thermo Fisher Scientific, Waltham, MA, USA). Superoxide compounds
present in mitochondria oxidize mitoSOX red to produce red fluorescence. In short, we
prepared a 5 mM stock solution of mitoSOX in DMSO. RAW264.7 cells (2 × 105) were
seeded on a coverslip inserted into each well of a 6-well plate and kept overnight. The
next day, cells were subjected to osteoclast differentiation in the presence or absence of
each of the polyphenolic compounds (30 µM). Coverslips were then washed with ice-cold
1 x PBS and incubated in a 2 µM working solution of the mitoSOX red for 30 min at 37 ◦C.
After washing with 1 × PBS, the coverslips were mounted on glass slides with DAPI. Imag-
ing was performed under a super-resolution confocal microscope (Leica Stellaris 8 STED,
Wetzlar, Germany) using a 100× objective, and images were analyzed using LAS X image
analysis software. Each experiment was performed in triplicate, and experiments were
performed at least three times.
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2.11. Intercellular Ca2+ Measurement

Intracellular Ca2+ was measured using a Calcium Assay Kit (#ab102505, Abcam,
Cambridge, MA, USA) according to the manufacturer’s protocol. In brief, after 6-days of
osteoclast differentiation with M-CSF and sRANKL in the absence or presence of TA, GA, or
EA (30 µM), cells were harvested and homogenized with calcium assay buffer. 50 µL of cell
lysate was added to each well of a 96-wells plate. 90 µL of the Chromogenic Reagent was
added to each well, followed by 60 µL of Calcium Assay Buffer. Samples were mixed and
incubated at RT for 10 min in the dark. A standard curve was prepared using the standard
dilutions. Absorbance was recorded at 575 nm using a microplate reader (Synergy 2, BioTek
Instruments, Inc., Winooski, VT, USA). Each experiment was performed in triplicate, and
experiments were performed at least three times.

2.12. Cell Viability Assay

To determine the effect of EA, GA, and TA on cell viability, MTT assays were performed.
In short, RAW264.7 cells (2 × 103/well) were seeded in the 96-well plate and incubated for
24 h at 37 ◦C with 5% CO2. The next day, the media was replaced with or without varying
concentrations (5, 10, 20, 30, 50, 100 µM) of EA, GA, and TA, and incubated for 24 h and
48 h. Then, cell viability was analyzed via MTT assay using a Roche Cell Proliferation Kit
I (Roche Diagnostics, Basel, Switzerland; #11465007001) according to the manufacturer’s
protocol. The absorbance was measured using a microplate reader (Synergy 2, BioTeK
Instruments Inc, Winooski, VT, USA). For each experiment, the results were expressed as
the percentage viability according to the following formula:

% Viability = 100 × (absorbance of treatment/absorbance of control).

2.13. Statistical Analysis

All experiments were performed at least three times in triplicate, and the results were
displayed as mean ± SEM. Statistical analyses were performed using GraphPad Prism
5.0 for Windows (GraphPad Software, San Diego, CA, USA). In the statistical analysis, a
one-way ANOVA was used with Dunnett’s multiple-comparison test.

3. Results
3.1. Effect of Polyphenolic Compounds on Osteoclast Differentiation

To determine the effects of tannic acid (TA), gallic acid (GA), and ellagic acid (EA) on
the osteoclast differentiation of myeloid cells (Figure S1), RAW264.7 cells were induced
for osteoclast differentiation with M-CSF and sRANKL in absence or presence of various
concentrations of TA, GA, or EA molecules. Tartrate-resistant acid phosphatase (TRAP)
staining after 6 days of differentiation revealed a remarkable dose-dependent reduction in
the number of TRAP-positive cells in plates containing any of the polyphenolic compounds
(Figure 1A). When TRAP-positive cells were counted under a microscope, we found that
a significantly reduced number of osteoclasts were present in samples that underwent
differentiation in the presence of polyphenolic compounds compared to their respective
controls. However, it seems TA was more effective than GA or EA in reducing osteoclast
differentiation (Figure 1B). Dose-dependent effect of ellagic acid (EA), gallic acid (GA),
and tannic acid (TA) on RAW264.7 cell viability was also determined by MTT assay. We
did not notice any remarkable cell death using the 30 µM concentration of EA, GA, or TA
(Figure S2).
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Figure 1. Dose-dependent inhibition of osteoclast differentiation by polyphenolic compounds. (A).
Images of osteoclast differentiation as identified by TRAP staining at day 6 in the absence or presence
of stated concentrations of tannic acid (TA), gallic acid (GA), and ellagic acid (EA) during osteoclast
differentiation (Scale bar = 20 µm). (B). The number of TRAP-positive multinucleated osteoclasts
present in each group shown graphically in the absence or presence of stated concentrations of stated
polyphenolic compounds during osteoclast differentiation. * p < 0.05 indicates statistical significance
between control vs. TA, control vs. GA, control vs. EA.

3.2. Effect of Polyphenolic Compounds on Actin Ring Formation

The bone resorption process is dependent on the dynamics of actin cytoskeleton
structures of the osteoclasts [35]. Therefore, we have determined the effect of EA, GA,
and TA on the formation of actin ring cytoskeletons during osteoclastic differentiation.
The actin rings were visualized after the staining with FITC-conjugated phalloidin. Our
confocal microscopy images showed that in mature osteoclasts, F-actin was arranged into
a ring-like structure in the periphery of the differentiated cells and that the polyphenolic
compounds mediated the shrinkage of osteoclasts and disrupted the formation of actin
ring structures (Figure S3).

3.3. Effect of Polyphenolic Compounds on Osteoclast-Related Gene Expressions
during Differentiation

To determine the effect of polyphenolic compounds on osteoclast differentiation-
related molecular marker expressions in myeloid cells, cells were harvested after 6 days
of differentiation and total RNA was isolated. Quantitative RT-PCR was performed to
determine the genetic expressions of osteoclast differentiation-related markers, such as
TRAP, cathepsin K (Ctsk), and NFATc1. We found significantly reduced levels in expressions
of TRAP, cathepsin K, and NFATc1 in cells that were differentiated in the presence of TA,
GA, or EA compared to respective controls (Figure 2A).
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Figure 2. Polyphenolic compounds inhibit osteoclast differentiation-related molecules. (A). The
quantitative real-time PCR analysis of osteoclast differentiation marker genes such as TRAP, Cathepsin
K, and NFATc1 was shown graphically on day 6 in the absence or presence of tannic acid (TA),
gallic acid (GA), or ellagic acid (EA) during osteoclast differentiation. (# indicates p < 0.05 when
compared between control and day 6 of osteoclast differentiated samples, * indicates p < 0.05, when
compared between day 6 of osteoclast differentiated samples in the absence or presence of either of
the polyphenolic compounds) (B). Immunocytochemically stained images of osteoclast differentiation
markers such as TRAP, Cathepsin K, or NFATc1 staining at day 6 in the absence or presence of tannic
acid (TA), gallic acid (GA), or ellagic acid (EA) were shown (Scale bar = 20 µm).

3.4. Effect of TA, GA, and EA on Protein Levels of Osteoclast Differentiation Marker Molecules
during Osteoclastogenesis

To evaluate whether polyphenolic compounds exert any effect on osteoclast differentiation-
related molecular levels in myeloid cells, cells differentiated for 6 days were subjected to
immunocytochemical staining for NFATc1, cathepsin K and TRAP. Immunocytochemical
staining showed reduced levels of expression of osteoclast differentiation-related molecules
in cells where any of the polyphenolic compounds were present during differentiation
(Figure 2B). We further confirmed protein levels of the osteoclast differentiation-related
molecules by western blotting methods and found that NFATc1, cathepsin K, and TRAP
levels were indeed decreased in differentiated cells that were cultured in presence of TA,
GA, or EA compared to respective controls (Figures 4A and S5).
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3.5. Effect of Polyphenolic Compounds on the Expression of Autophagic Genes in Myeloid Cells
during Osteoclast Differentiation

To determine the molecular and cellular mechanisms involved in the inhibition of
osteoclast differentiation by polyphenolic compounds, we have investigated the expression
of autophagy-related genes after 6 days of differentiation in the absence or presence of the
polyphenolic compounds. Quantitative RT-PCR was performed from isolated RNAs to
determine the genetic expressions of autophagic molecular markers, such as Beclin1, LC3B,
and ATG7. We found significantly reduced levels in expressions of Beclin1, LC3B, and
ATG7 in cells that were subjected to differentiation in presence of any of the polyphenolic
compounds compared to respective controls (Figure 3A). To investigate autophagic vesicle
formation in cells, MDC staining was performed. We found that autophagosomes were
recruited during the osteoclast differentiation of myeloid cells. However, recruitment of
autophagosomes were not prominent after the addition of TA, GA, or EA (Figure 3B). We
further confirmed protein levels of the autophagy-related molecules by western blotting and
found that Beclin1, LC3B, ATG5, and ATG7 levels were indeed decreased in differentiated
cells which were cultured in presence of TA, GA, or EA compared to respective controls
(Figures 4B and S5).

Figure 3. Polyphenolic compounds reduce autophagic gene expressions and autophagic vesicle
formations. (A). The quantitative real-time PCR analysis of autophagy-related marker genes such as
Beclin1 (Becn1), LC3B (map1lcb), and ATG7 (Atg7) was shown graphically at day 6 in the absence or
presence of tannic acid (TA), gallic acid (GA), or ellagic acid (EA) during osteoclast differentiation.
(# indicates p < 0.05 when compared between control and day 6 of osteoclast differentiated samples,
* indicates p < 0.05, when compared between day 6 of osteoclast differentiated samples in the absence
or presence of either of the polyphenolic compounds) (B). Images of the stained autophagic vesi-
cles were shown after osteoclast differentiation in cells in the presence or absence of polyphenolic
compounds during differentiation. Control indicates undifferentiated cells (Scale bar = 20 µm).



Biomolecules 2022, 12, 1220 10 of 19

Figure 4. Reduced osteoclast differentiation- and autophagy-related proteins and induced apoptosis-
related proteins after the addition of polyphenolic compounds. (A). Western blotting of osteoclast
differentiation-related molecules such as NFATc1, TRAP, and Cathepsin K protein levels, with GAPDH
used as an internal control, was shown at day 6 in the absence or presence of tannic acid (TA), gallic
acid (GA), or ellagic acid (EA) during osteoclast differentiation. (B). Western blotting of autophagy-
related molecules such as Beclin1, Atg7, Atg5, and LC3B protein levels, with GAPDH used as an
internal control, was shown on day 6 in the absence or presence of tannic acid (TA), gallic acid
(GA), or ellagic acid (EA) during osteoclast differentiation. (C). Western blotting of apoptosis and
cell survival-related molecules such as PARP, BAX2, and Bcl2 protein levels, keeping GAPDH as
an internal control, was shown on day 6 in the absence or presence of tannic acid (TA), gallic acid
(GA), and ellagic acid (EA) during osteoclast differentiation. (D). Western blotting of down-stream
signaling activation-related molecules such as pAkt (T308 and T473), pP38, total Akt, total p38, and
total Erk1/2 protein levels, with GAPDH as an internal control, were shown at day 6 in the absence
or presence of tannic acid (TA), gallic acid (GA), or ellagic acid (EA) during osteoclast differentiation.

3.6. Effect of Polyphenolic Compounds on the Expression of Apoptotic and Cell Survival-Related
Molecules in Myeloid Cells during Osteoclast Differentiation

To determine the apoptosis in myeloid cells after osteoclast differentiation with the
addition of polyphenolic compounds, western blots were performed after 6 days of differen-
tiation. Western blot data revealed that apoptotic proteins PARP and BAX were decreased
or unaltered during the osteoclast differentiation, respectively, and the addition of TA,
GA, or EA remarkably increased the levels of PARP, cleaved PARP, and BAX molecules.
However, the cell survival gene Bcl2 was decreased (Figures 4C and S6).

3.7. Determination of Downstream Signaling Pathways

Further studies were performed to determine the downstream activation of relevant
molecules during osteoclast differentiation. Our study revealed that the activation of Akt
was remarkably reduced with little alteration in the activation of p38 after the addition of
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TA, GA, or EA compounds during the osteoclast differentiation. There was a remarkable
reduction of total Erk1/2 levels after the addition of the polyphenolic compounds tested.
Together, these findings provide evidence that the activation of Akt might have played a
critical role in inhibiting autophagy and resulted in the induction of apoptosis in presence
of TA, GA, or EA compounds (Figures 4D and S7) which is in agreement with the previous
report [34].

3.8. Effect of Polyphenolic Compounds on Production of ROS, and Intracellular Ca2+ during
Osteoclast Differentiation

It is already reported that ROS production generates oxidative stress and promotes
osteoclast differentiation and maturation. We further studied the status of reactive oxygen
species (ROS) generation during the osteoclast differentiation in the presence or absence of
polyphenolic compounds using immunostaining with DCFDA and mitoSOX. We observed
that the level of DCFDA and mitoSOX staining was appeared to be increased after the
differentiation of osteoclasts. However, after the addition of polyphenolic compounds the
level of ROS as determined by DCFDA staining (Figure 5) and mitoSOX staining (Figure 6),
was appeared to be decreased during differentiation.

Figure 5. Polyphenolic compounds reduce ROS production during osteoclast differentiation. Evalua-
tion of ROS production levels, determined by DCFDA fluorescence staining was shown at day
6 in the absence or presence of ellagic acid (EA), gallic acid (GA), or tannic acid (TA) during
osteoclast differentiation.
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Figure 6. Polyphenolic compounds reduce mitochondrial superoxide production during osteoclast
differentiation. Evaluation of mitochondrial superoxide production levels was shown by mitoSOX
staining on day 6 in the absence or presence of ellagic acid (EA), gallic acid (GA), or tannic acid (TA)
during osteoclast differentiation.
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Calcium plays an important role in bone remodeling. Both extracellular and intracel-
lular Ca2+ play crucial roles that are involved in the regulation of cell proliferation and
differentiation. It was shown that the elevation of intercellular Ca2+ is due to a higher
release of Ca2+ from the endoplasmic reticulum and a simultaneous influx of Ca2+ via
voltage-gated Ca2+ channels [36]. We also observed that the level of intracellular Ca2+ was
significantly increased in osteoclasts; however, after the addition of each of the polyphenolic
compounds, the level of Ca2+ was significantly decreased (Figure 7).

Figure 7. Polyphenolic compounds reduce intracellular Ca2+ levels during osteoclast differentiation.
Evaluation of intracellular Ca2+ level was shown graphically at day 6 in the absence or presence of
tannic acid (TA), gallic acid (GA), or ellagic acid (EA) during osteoclast differentiation. (# indicates
p < 0.05 when compared between control and day 6 of osteoclast differentiated samples, * indicates
p < 0.05, when compared between day 6 of osteoclast differentiated samples in the absence or presence
of either of the polyphenolic compounds).

3.9. Effect of Polyphenolic Compounds on Mitochondrial Membrane Potential during
Osteoclast Differentiation

To determine the mitochondrial membrane potential, we assessed osteoclast differ-
entiated cells after 6 days of differentiation in the absence or presence of polyphenolic
compounds after staining with JC-1 dye. Mitochondrial membrane polarization is specifi-
cally indicated by staining with the cationic JC-1 dye. This dye exhibits potential-dependent
accumulation in mitochondria, indicated by a fluorescence emission shift from green to
red as the it accumulates within mitochondrial membranes. It was observed that TA-,
GA-, or EA-treated cells show mostly green fluorescent intensity (indicating high amounts
of the monomer-form of the dye and few intact mitochondrial membranes) compared
to the untreated cells, which appeared redder (indicating the aggregated-form of the
dye in intact mitochondria) (Figure 8). These results confirmed that polyphenolic com-
pounds reduced mitochondrial membrane integrity, thereby reducing the mitochondrial
membrane potentials.
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Figure 8. Polyphenolic compounds reduce mitochondrial membrane potential in differentiated
osteoclasts. Images of stained mitochondrial membrane potential in differentiated osteoclasts are
presented in the absence or presence of ellagic acid (EA), gallic acid (GA), and tannic acid (TA)
keeping undifferentiated cells as a control. Green color indicates the monomeric form of the stained
JC-1 dye, and red color indicates an aggregate form of the stained JC-1 dye.

4. Discussion

Oxidative damage due to redox imbalance plays a critical role in several metabolic
changes that subsequently develop disease states; therefore, developing targeted therapies
for neutralizing oxidative stress has taken high priority in attempts to treat those disease
states. As bioactive polyphenolic compounds provide enormous health benefits with their
antioxidant and anti-inflammatory properties [37], a new field of interest has emerged
involving osteo-immune-oncology, bone metabolism, and tumorigenesis [5,6,9,12,38]. The
data we have collected is in agreement with much of the previous literature on the inter-
actions between polyphenolic compounds and osteoclastogenesis [39–46]. Antioxidant
properties are well-studied for EA, GA, and TA [37,47,48], which is why we have chosen
those molecules for the immune modulation of monocytes in our current study. It was
shown that paraquat (PQ, a ROS-inducing compound) elevates ROS production and that
EA significantly reduces intracellular ROS levels through the Nrf2 (nuclear factor-erythroid
2-related factor) pathway in A549 cells (lung carcinoma cells) [49]. It is also reported that
TA inhibits oxidative stress, inflammation, and apoptosis via the NF-κB/Nrf2 signaling axis
in arsenic trioxide (ATO)-induced nephrotoxicity [48]. In a separate study, it was shown
that administration of GA improved the lethal effect of PQ-induced oxidative stress on
renal tissue in a murine model [50].

Herein, we focused on identifying the role of polyphenolic compounds during os-
teoclast differentiation [34,51]. Osteoclast differentiation and bone resorption require a
series of regulatory molecules and hydrolytic enzymes to maintain dynamic homeosta-
sis with osteoblasts. There are almost 8000 recognized polyphenols identified, of which
approximately 500 are biologically active. In the current study, we have selected three
polyphenolic compounds of different natures, including TA, GA, and EA, to investigate
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their role in the regulation of osteoclast differentiation of myeloid cells. First, we differenti-
ated RAW264.7 (myeloid) cells to osteoclasts in the presence or absence of poly phenolic
compounds and performed TRAP staining to confirm osteoclast differentiation. In addition,
several osteoclast-specific markers such as NFATc1, Cathepsin K, and TRAP were evalu-
ated for their gene expression and protein expressions using qRT-PCR, western blot, and
immunofluorescence staining, respectively. TRAP staining, qRT-PCR, western blot, and im-
munofluorescence staining showed that osteoclast differentiation was remarkably reduced
in the presence of any of the polyphenolic compounds tested. One of the most-studied
bioactive compounds in recent years shows a heavy flavonoid component of Chinese tea
that has been reported to have intriguing osteogenic properties [52], which is consistent
with our results.

From our previous study and other reports, we found that autophagy plays a major
role during osteoclast differentiation [34,51]. We hypothesized that TA, GA, and EA might
regulate the osteoclastogenesis process by modulating autophagy and autophagosome
formation. To test this, we analyzed autophagy-related molecules after the addition of
polyphenolic compounds during osteoclast differentiation. We observed a significantly
reduced level in expressions of Beclin1, LC3B, and ATG7 in cells that underwent differenti-
ation in presence of TA, GA, or EA, both in mRNA and protein levels. We further found
that recruitment of autophagosomes was not prominent after the addition of any of the
polyphenolic compounds. These findings are in alignment with the previous reports in
cancer cells showing the involvement of autophagy in reducing cancer burden [38]. To
investigate apoptosis-related molecules, we found that the levels of BAX and PAPR were
increased, and conversely, cell survival gene Bcl2 was decreased upon the addition of TA,
GA, or EA during osteoclast differentiation. We also verified the activation of Akt and p38
molecules, which play important roles in autophagy and apoptosis during osteoclast differ-
entiation. From our study, we found that activation of Akt is remarkably reduced upon the
addition of any of the polyphenolic compounds tested. However, there was no significant
change in the activation of the p38 molecule. Basal Erk1/2 levels were also remarkably
reduced upon the addition of any of the polyphenolic compounds tested. Previous reports
showed that Akt is a regulator of autophagy [53], which might play an important role in
reducing osteoclast differentiation. Our data demonstrated that autophagy was induced
during osteoclast differentiation and was inhibited by the polyphenolic compounds TA,
GA, and EA.

However, how autophagy was regulated through polyphenolic compounds is yet to
be defined. To test this, we next measured levels of various biochemical parameters like
reactive oxygen species, mitochondrial superoxide, intracellular Ca2+, and mitochondrial
membrane potential in the presence or absence of TA, GA, or EA during osteoclast differ-
entiation. We found that after the addition of polyphenolic compounds during osteoclast
differentiation, reactive oxygen species were significantly decreased and the intracellular
Ca2+ levels were also decreased. Previous reports showed that Ca2+ signaling activates
differentiation in osteoclast precursors but suppresses resorption in mature osteoclasts [54],
which is consistent with our findings. Recent studies have also indicated that the level of
ROS is important during the differentiation process of osteoclasts [55]. The Ca2+ signaling
network involves many different ways to regulate cellular processes that function over
a wide range of activities and functions, including through the maintenance of buffers,
pumps, and exchangers on the plasma membrane, and in maintaining internal cellular
stores. Calcium signaling pathways also interact with other cellular signaling pathways
including those that involve the production of ROS [56]. Our data show a reduced amount
of ROS after the addition of TA, GA, or EA during osteoclast differentiation, which might
have helped to inhibit the differentiation of osteoclast cells by limiting damage to intra-
cellular organelles. Several groups reported that mitochondrial superoxide production
is a major cause of the cellular oxidative damage that may be the underlying cause of
degradative diseases and aging [15]. Therefore, we also measured mitochondrial superox-
ide levels in the presence of TA, GA, or EA during osteoclast differentiation and found that
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mitochondrial superoxide generation (mitoSOX) is very similar to the ROS data. We believe
that the inhibition of ROS and mitochondrial superoxide played a critical role in limiting
damage to intracellular organelles, including mitochondrial membranes, in osteoclast cells
thus inhibited the differentiation process. To confirm our hypothesis mitochondrial mem-
brane potential was evaluated by JC-1 dye staining. The staining exhibited mitochondrial
membrane depolarization after the addition of the TA, GA, or EA during osteoclast differ-
entiation. These results confirmed that polyphenolic compounds induced damage to the
mitochondrial membranes and thereby reduced the mitochondrial membrane potential,
which ultimately caused the inhibition of osteoclast differentiation.

5. Conclusions

The present study demonstrates that EA, GA, and TA regulate osteoclast differentiation
and osteoclast markers in myeloid cells, such as NFATc1, Cathepsin K, and TRAP. We
have demonstrated that these polyphenolic compounds reduce the levels of autophagic
vesicles and molecules indicated by BECN1, ATG5, ATG7, and LC3B. Moreover, we found
that polyphenolic compounds inhibit osteoclast differentiation by decreasing levels of
ROS determined by DCFDA and mitoSOX staining, and decreasing levels of intracellular
calcium. These results, along with the decrease in ROS and mitochondrial membrane
potential caused by TA, GA, and EA, provide evidence that these compounds can inhibit
osteoclast differentiation.
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light chain 3 beta; NFATc1: nuclear factor of activated T cells1; NF-κB: nuclear factor kappa B; PCR:
polymerase chain reaction; PtdIns3K: phosphoinositide 3-kinase; RANKL: receptor activator of NF-κB
ligand; sRANKL: soluble receptor activator of NF-κB ligand; RAW264.7: abelson murine leukemia
virus-transformed macrophage cell line; TA: tannic acid; TRAP: tartrate-resistant acid phosphatase.

References
1. Scalbert, A.; Manach, C.; Morand, C.; Remesy, C.; Jimenez, L. Dietary polyphenols and the prevention of diseases. Crit. Rev. Food

Sci. Nutr. 2005, 45, 287–306. [CrossRef] [PubMed]
2. Munin, A.; Edwards-Levy, F. Encapsulation of natural polyphenolic compounds; a review. Pharmaceutics 2011, 3, 793–829.

[CrossRef] [PubMed]
3. Chung, K.T.; Wong, T.Y.; Wei, C.I.; Huang, Y.W.; Lin, Y. Tannins and human health: A review. Crit. Rev. Food Sci. Nutr. 1998,

38, 421–464. [CrossRef] [PubMed]
4. Rosman, R.; Saifullah, B.; Maniam, S.; Dorniani, D.; Hussein, M.Z.; Fakurazi, S. Improved Anticancer Effect of Magnetite

Nanocomposite Formulation of GALLIC Acid (Fe(3)O(4)-PEG-GA) Against Lung, Breast and Colon Cancer Cells. Nanomaterials
2018, 8, 83. [CrossRef]

5. Ismail, T.; Calcabrini, C.; Diaz, A.R.; Fimognari, C.; Turrini, E.; Catanzaro, E.; Akhtar, S.; Sestili, P. Ellagitannins in Cancer
Chemoprevention and Therapy. Toxins 2016, 8, 151. [CrossRef]

6. Prochazkova, D.; Bousova, I.; Wilhelmova, N. Antioxidant and prooxidant properties of flavonoids. Fitoterapia 2011, 82, 513–523.
[CrossRef]

7. Nomura, M.; Kaji, A.; He, Z.; Ma, W.Y.; Miyamoto, K.; Yang, C.S.; Dong, Z. Inhibitory mechanisms of tea polyphenols on the
ultraviolet B-activated phosphatidylinositol 3-kinase-dependent pathway. J. Biol. Chem. 2001, 276, 46624–46631. [CrossRef]

8. Lin, J.K. Cancer chemoprevention by tea polyphenols through modulating signal transduction pathways. Arch. Pharm. Res. 2002,
25, 561–571. [CrossRef]

9. Khlebnikov, A.I.; Schepetkin, I.A.; Domina, N.G.; Kirpotina, L.N.; Quinn, M.T. Improved quantitative structure-activity relation-
ship models to predict antioxidant activity of flavonoids in chemical, enzymatic, and cellular systems. Bioorg. Med. Chem. 2007,
15, 1749–1770. [CrossRef]

10. Crozier, A.; Jaganath, I.B.; Clifford, M.N. Dietary phenolics: Chemistry, bioavailability and effects on health. Nat. Prod. Rep. 2009,
26, 1001–1043. [CrossRef]

11. D’Archivio, M.; Filesi, C.; di Benedetto, R.; Gargiulo, R.; Giovannini, C.; Masella, R. Polyphenols, dietary sources and bioavailabil-
ity. Ann. Ist. Super. Sanita 2007, 43, 348–361.

12. Henrotin, Y.; Lambert, C.; Couchourel, D.; Ripoll, C.; Chiotelli, E. Nutraceuticals: Do they represent a new era in the management
of osteoarthritis? A narrative review from the lessons taken with five products. Osteoarthr. Cartil. 2011, 19, 1–21. [CrossRef]

13. Shen, C.L.; Yeh, J.K.; Cao, J.J.; Chyu, M.C.; Wang, J.S. Green tea and bone health: Evidence from laboratory studies. Pharmacol.
Res. 2011, 64, 155–161. [CrossRef] [PubMed]

14. Welch, A.A.; Hardcastle, A.C. The effects of flavonoids on bone. Curr. Osteoporos. Rep. 2014, 12, 205–210. [CrossRef] [PubMed]
15. Callaway, D.A.; Jiang, J.X. Reactive oxygen species and oxidative stress in osteoclastogenesis, skeletal aging and bone diseases. J.

Bone Miner. Metab. 2015, 33, 359–370. [CrossRef] [PubMed]
16. Bodet, C.; Chandad, F.; Grenier, D. Cranberry components inhibit interleukin-6, interleukin-8, and prostaglandin E production by

lipopolysaccharide-activated gingival fibroblasts. Eur. J. Oral Sci. 2007, 115, 64–70. [CrossRef] [PubMed]
17. Palmqvist, P.; Persson, E.; Conaway, H.H.; Lerner, U.H. IL-6, leukemia inhibitory factor, and oncostatin M stimulate bone

resorption and regulate the expression of receptor activator of NF-kappa B ligand, osteoprotegerin, and receptor activator of
NF-kappa B in mouse calvariae. J. Immunol. 2002, 169, 3353–3362. [CrossRef] [PubMed]

18. Yao, Z.; Xing, L.; Qin, C.; Schwarz, E.M.; Boyce, B.F. Osteoclast precursor interaction with bone matrix induces osteoclast
formation directly by an interleukin-1-mediated autocrine mechanism. J. Biol. Chem. 2008, 283, 9917–9924. [CrossRef] [PubMed]

19. Imboden, J.B. The immunopathogenesis of rheumatoid arthritis. Annu. Rev. Pathol. 2009, 4, 417–434. [CrossRef] [PubMed]
20. Jha, P.; Das, H. KLF2 in Regulation of NF-kappaB-Mediated Immune Cell Function and Inflammation. Int. J. Mol. Sci. 2017,

18, 2383. [CrossRef]
21. Das, M.; Lu, J.; Joseph, M.; Aggarwal, R.; Kanji, S.; McMichael, B.K.; Lee, B.S.; Agarwal, S.; Ray-Chaudhury, A.;

Iwenofu, O.H.; et al. Kruppel-like factor 2 (KLF2) regulates monocyte differentiation and functions in mBSA and IL-1beta-induced
arthritis. Curr. Mol. Med. 2012, 12, 113–125. [CrossRef] [PubMed]

22. Das, M.; Deb, M.; Laha, D.; Joseph, M.; Kanji, S.; Aggarwal, R.; Iwenofu, O.H.; Pompili, V.J.; Jarjour, W.; Das, H. Myeloid
Kruppel-Like Factor 2 Critically Regulates K/BxN Serum-Induced Arthritis. Cells 2019, 8, 908. [CrossRef]

23. Das, M.; Laha, D.; Kanji, S.; Joseph, M.; Aggarwal, R.; Iwenofu, O.H.; Pompili, V.J.; Jain, M.K.; Das, H. Induction of Kruppel-like
factor 2 reduces K/BxN serum-induced arthritis. J. Cell. Mol. Med. 2019, 23, 1386–1395. [CrossRef] [PubMed]

http://doi.org/10.1080/1040869059096
http://www.ncbi.nlm.nih.gov/pubmed/16047496
http://doi.org/10.3390/pharmaceutics3040793
http://www.ncbi.nlm.nih.gov/pubmed/24309309
http://doi.org/10.1080/10408699891274273
http://www.ncbi.nlm.nih.gov/pubmed/9759559
http://doi.org/10.3390/nano8020083
http://doi.org/10.3390/toxins8050151
http://doi.org/10.1016/j.fitote.2011.01.018
http://doi.org/10.1074/jbc.M107897200
http://doi.org/10.1007/BF02976924
http://doi.org/10.1016/j.bmc.2006.11.037
http://doi.org/10.1039/b802662a
http://doi.org/10.1016/j.joca.2010.10.017
http://doi.org/10.1016/j.phrs.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21473914
http://doi.org/10.1007/s11914-014-0212-5
http://www.ncbi.nlm.nih.gov/pubmed/24671371
http://doi.org/10.1007/s00774-015-0656-4
http://www.ncbi.nlm.nih.gov/pubmed/25804315
http://doi.org/10.1111/j.1600-0722.2007.00415.x
http://www.ncbi.nlm.nih.gov/pubmed/17305718
http://doi.org/10.4049/jimmunol.169.6.3353
http://www.ncbi.nlm.nih.gov/pubmed/12218157
http://doi.org/10.1074/jbc.M706415200
http://www.ncbi.nlm.nih.gov/pubmed/18250170
http://doi.org/10.1146/annurev.pathol.4.110807.092254
http://www.ncbi.nlm.nih.gov/pubmed/18954286
http://doi.org/10.3390/ijms18112383
http://doi.org/10.2174/156652412798889090
http://www.ncbi.nlm.nih.gov/pubmed/22280353
http://doi.org/10.3390/cells8080908
http://doi.org/10.1111/jcmm.14041
http://www.ncbi.nlm.nih.gov/pubmed/30506878


Biomolecules 2022, 12, 1220 18 of 19

24. Deb, M.; Laha, D.; Maity, J.; Das, H. SETD2-mediated epigenetic regulation of noncanonical Wnt5A during osteoclastogenesis.
Clin. Epigenetics 2021, 13, 192. [CrossRef] [PubMed]

25. Kanji, S.; Sarkar, R.; Pramanik, A.; Kshirsagar, S.; Greene, C.J.; Das, H. Dental pulp-derived stem cells inhibit osteoclast
differentiation by secreting osteoprotegerin and deactivating AKT signalling in myeloid cells. J. Cell. Mole. Med. 2021,
25, 2390–2403. [CrossRef] [PubMed]

26. Katagiri, T.; Takahashi, N. Regulatory mechanisms of osteoblast and osteoclast differentiation. Oral Dis. 2002, 8, 147–159.
[CrossRef]

27. Rolph, D.; Das, H. Transcriptional Regulation of Osteoclastogenesis: The Emerging Role of KLF2. Front. Immunol. 2020, 11, 937.
[CrossRef]

28. Valenti, M.T.; Carbonare, L.D.; Mottes, M. Role of autophagy in bone and muscle biology. World J. Stem Cells 2016, 8, 396–398.
[CrossRef]

29. Shi, J.; Wang, L.; Zhang, H.; Jie, Q.; Li, X.; Shi, Q.; Huang, Q.; Gao, B.; Han, Y.; Guo, K.; et al. Glucocorticoids: Dose-related effects
on osteoclast formation and function via reactive oxygen species and autophagy. Bone 2015, 79, 222–232. [CrossRef]

30. Lin, N.Y.; Stefanica, A.; Distler, J.H. Autophagy: A key pathway of TNF-induced inflammatory bone loss. Autophagy 2013,
9, 1253–1255. [CrossRef]

31. Das, G.; Shravage, B.V.; Baehrecke, E.H. Regulation and function of autophagy during cell survival and cell death. Cold Spring
Harb. Perspect. Biol. 2012, 4, a008813. [CrossRef] [PubMed]

32. Rubinsztein, D.C.; Codogno, P.; Levine, B. Autophagy modulation as a potential therapeutic target for diverse diseases. Nat. Rev.
Drug Discov. 2012, 11, 709–730. [CrossRef]

33. Maity, J.; Bohr, V.A.; Laskar, A.; Karmakar, P. Transient overexpression of Werner protein rescues starvation induced autophagy in
Werner syndrome cells. Biochim. Biophys. Acta 2014, 1842, 2387–2394. [CrossRef] [PubMed]

34. Laha, D.; Deb, M.; Das, H. KLF2 (kruppel-like factor 2 [lung]) regulates osteoclastogenesis by modulating autophagy. Autophagy
2019, 15, 2063–2075. [CrossRef] [PubMed]

35. Teitelbaum, S.L. The osteoclast and its unique cytoskeleton. Ann. N. Y. Acad. Sci. 2011, 1240, 14–17. [CrossRef] [PubMed]
36. Eisner, D.A.; Caldwell, J.L.; Kistamás, K.; Trafford, A.W. Calcium and Excitation-Contraction Coupling in the Heart. Circ. Res.

2017, 121, 181–195. [CrossRef]
37. Zeb, A. Ellagic acid in suppressing in vivo and in vitro oxidative stresses. Mol. Cell. Biochem. 2018, 448, 27–41. [CrossRef]
38. Hasima, N.; Ozpolat, B. Regulation of autophagy by polyphenolic compounds as a potential therapeutic strategy for cancer. Cell

Death Dis. 2014, 5, e1509. [CrossRef]
39. Aoki, S.; Shimizu, K.; Ito, K. Autophagy-dependent mitochondrial function regulates osteoclast differentiation and maturation.

Biochem. Biophys. Res. Commun. 2020, 527, 874–880. [CrossRef]
40. Doss, H.M.; Samarpita, S.; Ganesan, R.; Rasool, M. Ferulic acid, a dietary polyphenol suppresses osteoclast differentiation and

bone erosion via the inhibition of RANKL dependent NF-kappaB signalling pathway. Life Sci. 2018, 207, 284–295. [CrossRef]
41. Graef, J.L.; Rendina-Ruedy, E.; Crockett, E.K.; Ouyang, P.; Wu, L.; King, J.B.; Cichewicz, R.H.; Lin, D.; Lucas, E.A.; Smith, B.J.

Osteoclast Differentiation is Downregulated by Select Polyphenolic Fractions from Dried Plum via Suppression of MAPKs and
Nfatc1 in Mouse C57BL/6 Primary Bone Marrow Cells. Curr. Dev. Nutr. 2017, 1, e000406. [CrossRef]

42. Montaseri, A.; Giampietri, C.; Rossi, M.; Riccioli, A.; del Fattore, A.; Filippini, A. The Role of Autophagy in Osteoclast Differentia-
tion and Bone Resorption Function. Biomolecules 2020, 10, 1398. [CrossRef]

43. Park-Min, K.H. Metabolic reprogramming in osteoclasts. Semin. Immunopathol. 2019, 41, 565–572. [CrossRef]
44. Rantlha, M.; Sagar, T.; Kruger, M.C.; Coetzee, M.; Deepak, V. Ellagic acid inhibits RANKL-induced osteoclast differentiation by

suppressing the p38 MAP kinase pathway. Arch. Pharm. Res. 2017, 40, 79–87. [CrossRef]
45. Shim, K.S.; Kim, T.; Ha, H.; Lee, C.J.; Lee, B.; Kim, H.S.; Park, J.H.; Ma, J.Y. Water extract of Magnolia officinalis cortex inhibits

osteoclastogenesis and bone resorption by downregulation of nuclear factor of activated T cells cytoplasmic 1. Integr. Med. Res.
2015, 4, 102–111. [CrossRef] [PubMed]

46. Srinivasan, S.; Koenigstein, A.; Joseph, J.; Sun, L.; Kalyanaraman, B.; Zaidi, M.; Avadhani, N.G. Role of mitochondrial reactive
oxygen species in osteoclast differentiation. Ann. N. Y. Acad. Sci. 2010, 1192, 245–252. [CrossRef]

47. Moradi, A.; Abolfathi, M.; Javadian, M.; Heidarian, E.; Roshanmehr, H.; Khaledi, M.; Nouri, A. Gallic Acid Exerts Nephroprotec-
tive, Anti-Oxidative Stress, and Anti-Inflammatory Effects Against Diclofenac-Induced Renal Injury in Malerats. Arch. Med. Res.
2021, 52, 380–388. [CrossRef] [PubMed]

48. Jin, W.Y.; Xue, Y.R.; Xue, Y.C.; Han, X.; Song, Q.T.; Zhang, J.P.; Li, Z.L.; Cheng, J.; Guan, S.J.; Sun, S.J.; et al. Tannic acid ameliorates
arsenic trioxide-induced nephrotoxicity, contribution of NF-kappa B and Nrf2 pathways. Biomed. Pharmacother. 2020, 126, 110047.
[CrossRef] [PubMed]

49. Kim, Y.S.; Zerin, T.; Song, H.Y. Antioxidant Action of Ellagic Acid Ameliorates Paraquat-Induced A549 Cytotoxicity. Biol. Pharm.
Bull. 2013, 36, 609–615. [CrossRef]

50. Nouri, A.; Heibati, F.; Heidarian, E. Gallic acid exerts anti-inflammatory, anti-oxidative stress, and nephroprotective effects
against paraquat-induced renal injury in male rats. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2021, 394, 1–9. [CrossRef]

51. Thomas, A.; South, S.; Vijayagopal, P.; Juma, S. Effect of Tart Cherry Polyphenols on Osteoclast Differentiation and Activity. J.
Med. Food 2020, 23, 56–64. [CrossRef] [PubMed]

http://doi.org/10.1186/s13148-021-01125-2
http://www.ncbi.nlm.nih.gov/pubmed/34663428
http://doi.org/10.1111/jcmm.16071
http://www.ncbi.nlm.nih.gov/pubmed/33511706
http://doi.org/10.1034/j.1601-0825.2002.01829.x
http://doi.org/10.3389/fimmu.2020.00937
http://doi.org/10.4252/wjsc.v8.i12.396
http://doi.org/10.1016/j.bone.2015.06.014
http://doi.org/10.4161/auto.25467
http://doi.org/10.1101/cshperspect.a008813
http://www.ncbi.nlm.nih.gov/pubmed/22661635
http://doi.org/10.1038/nrd3802
http://doi.org/10.1016/j.bbadis.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25257404
http://doi.org/10.1080/15548627.2019.1596491
http://www.ncbi.nlm.nih.gov/pubmed/30894058
http://doi.org/10.1111/j.1749-6632.2011.06283.x
http://www.ncbi.nlm.nih.gov/pubmed/22172034
http://doi.org/10.1161/CIRCRESAHA.117.310230
http://doi.org/10.1007/s11010-018-3310-3
http://doi.org/10.1038/cddis.2014.467
http://doi.org/10.1016/j.bbrc.2020.04.155
http://doi.org/10.1016/j.lfs.2018.06.013
http://doi.org/10.3945/cdn.117.000406
http://doi.org/10.3390/biom10101398
http://doi.org/10.1007/s00281-019-00757-0
http://doi.org/10.1007/s12272-016-0790-0
http://doi.org/10.1016/j.imr.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28664115
http://doi.org/10.1111/j.1749-6632.2009.05377.x
http://doi.org/10.1016/j.arcmed.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33358172
http://doi.org/10.1016/j.biopha.2020.110047
http://www.ncbi.nlm.nih.gov/pubmed/32146384
http://doi.org/10.1248/bpb.b12-00990
http://doi.org/10.1007/s00210-020-01931-0
http://doi.org/10.1089/jmf.2019.0050
http://www.ncbi.nlm.nih.gov/pubmed/31436500


Biomolecules 2022, 12, 1220 19 of 19

52. Nicolin, V.; de Tommasi, N.; Nori, S.L.; Costantinides, F.; Berton, F.; di Lenarda, R. Modulatory Effects of Plant Polyphenols on
Bone Remodeling: A Prospective View From the Bench to Bedside. Front. Endocrinol. 2019, 10, 494. [CrossRef] [PubMed]

53. Wang, R.C.; Wei, Y.J.; An, Z.Y.; Zou, Z.J.; Xiao, G.H.; Bhagat, G.; White, M.; Reichelt, J.; Levine, B. Akt-Mediated Regulation of
Autophagy and Tumorigenesis Through Beclin 1 Phosphorylation. Science 2012, 338, 956–959. [CrossRef]

54. Kajiya, H. Calcium Signaling in Osteoclast Differentiation and Bone Resorption. Calcium Signal. 2012, 740, 917–932.
55. Feno, S.; Butera, G.; Reane, D.V.; Rizzuto, R.; Raffaello, A. Crosstalk between Calcium and ROS in Pathophysiological Conditions.

Oxidative Med. Cell. Longev. 2019, 2019, 9324018. [CrossRef] [PubMed]
56. Brand, M.D.; Affourtit, C.; Esteves, T.C.; Green, K.; Lambert, A.J.; Miwa, S.; Pakay, J.L.; Parker, N. Mitochondrial superoxide:

Production, biological effects, and activation of uncoupling proteins. Free Radic. Biol. Med. 2004, 37, 755–767. [CrossRef] [PubMed]

http://doi.org/10.3389/fendo.2019.00494
http://www.ncbi.nlm.nih.gov/pubmed/31396157
http://doi.org/10.1126/science.1225967
http://doi.org/10.1155/2019/9324018
http://www.ncbi.nlm.nih.gov/pubmed/31178978
http://doi.org/10.1016/j.freeradbiomed.2004.05.034
http://www.ncbi.nlm.nih.gov/pubmed/15304252

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Osteoclast Differentiation 
	TRAP Staining 
	Acidic Vesicular Organelles Staining 
	Western Blot Analysis 
	RNA Extraction and Real-Time PCR 
	Immunofluorescence Staining 
	Detection of Mitochondrial Membrane Potential 
	Detection of ROS 
	Detection of Mitochondrial ROS 
	Intercellular Ca2+ Measurement 
	Cell Viability Assay 
	Statistical Analysis 

	Results 
	Effect of Polyphenolic Compounds on Osteoclast Differentiation 
	Effect of Polyphenolic Compounds on Actin Ring Formation 
	Effect of Polyphenolic Compounds on Osteoclast-Related Gene Expressions during Differentiation 
	Effect of TA, GA, and EA on Protein Levels of Osteoclast Differentiation Marker Molecules during Osteoclastogenesis 
	Effect of Polyphenolic Compounds on the Expression of Autophagic Genes in Myeloid Cells during Osteoclast Differentiation 
	Effect of Polyphenolic Compounds on the Expression of Apoptotic and Cell Survival-Related Molecules in Myeloid Cells during Osteoclast Differentiation 
	Determination of Downstream Signaling Pathways 
	Effect of Polyphenolic Compounds on Production of ROS, and Intracellular Ca2+ during Osteoclast Differentiation 
	Effect of Polyphenolic Compounds on Mitochondrial Membrane Potential during Osteoclast Differentiation 

	Discussion 
	Conclusions 
	References

