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Plumbagin protects against glucocorticoid-induced osteoporosis
through Nrf-2 pathway
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Abstract Long-term and high-dose glucocorticoids (GCs)
supplementation has been linked to osteoporosis. In this study,
we studied the protective role of plumbagin against GC-
induced cell damage in MC3T3-E1 cells. The effect of dexa-
methasone (DEX) and plumbagin on cell viability was deter-
mined. DEX showed as IC-50 value of 95 μM. Further,
10 μM plumbagin treatment effectively ameliorated DEX-
induced cell death by increasing the cell viability to 92 %. A
further effect of plumbagin on DEX-induced oxidative stress
was determined through reactive oxygen species (ROS) level,
lipid peroxide content, and antioxidant status. Nrf-2 nuclear
localization was analyzed through immunofluorescence. Pro-
tein expression of redox regulator Nrf-2 and their target genes
HO-1 and NQO1 and osteogenic markers (OCN, OPN Runx-
2) were determined by Western blot. Apoptotic effect was
analyzed by mitochondrial membrane potential and caspase
activities (3, 8, and 9). The results showed that DEX treatment
showed a significant increase in oxidative stress through in-
creased ROS levels and downregulation of cytoprotective an-
tioxidant proteins and antioxidant enzyme activities. Further
DEX treatment downregulated the osteogenic markers and
upregulated apoptosis through decreased mitochondrial mem-
brane potential and upregulation of caspase activities.

Plumbagin treatment significantly reversed the levels of oxi-
dative stress and apoptotic markers and protected against
DEX-induced cell damage. Further, plumbagin treatment sig-
nificantly improved the expression of osteogenic markers
compared to DEX treatment. In conclusion, the present study
shows that plumbagin offers significant protective role against
DEX-induced cellular damage via regulating oxidative stress,
apoptosis, and osteogenic markers.
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Introduction

Aglucocorticoid (GC) is supplemented in treatment of various
diseases, including autoimmune, pulmonary, gastrointestinal
diseases, organ transplantation, and cancer. High dosage and
long-term intake of dexamethasone (DEX), a synthetic GC
hormone has been linked as an important mediator in osteo-
porosis (den Uyl et al. 2011; Weinstein 2011). Systemic ef-
fects of a glucocorticoid cause osteoporosis since the skeletal
system is the major target. A GC-induced effect is often men-
tioned as secondary osteoporosis, which occurs in 30–50% of
patients with chronic glucocorticoid therapy. Bone remodel-
ing occurs as a perfect functional balance between osteoblasts
and osteocytes. Both these cells are the principle target for GC
and mediate GC-induced osteoporosis through activating re-
dox pathways and induction of apoptosis (Mazziotti et al.
2006). Osteoblasts are cells involved in bone formation; inhi-
bition in bone formation by GC is regarded as the central role
in pathogenesis of osteoporosis. GC is involved in inhibition
of osteoblast cell proliferation, differentiation, and maturation
(Canalis 1983, 1984). Osteoblast differentiation is regulated
through signaling mechanisms, including PPARγ-2 activation
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and Wnt/β-catenin signaling. Inhibition of osteoblast-driven
synthesis of type I collagen causes depletion of the bone ex-
tracellular matrix component, resulting in GC-induced osteo-
porosis (Canalis 2005; Delany et al. 1995). Antioxidant com-
pounds that ameliorate osteoporosis should be explored as a
therapeutic intervention for osteoporosis.

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a
naphthoquinone isolated from the roots of Plumbago
zeylanica L. Recently, plumbagin has been reported to show
various protective properties, and the plant has been hailed as
a traditional Chinese medicine (Chen et al. 2009). Plumbagin
has been reported in inhibition of azoxymethane-induced in-
testinal carcinogenesis (Sugie et al. 1998). Anti-inflammatory
properties of plumbagin have been established (Sheeja et al.
2010). Inhibition of NF-kB expression by plumbagin acts as
an important mediator of its anti-inflammatory effect (Luo
et al. 2010). Plumbagin has also been identified as a
neuroprotectant against cerebral ischemia by activating Nrf-2
pathway (Son et al. 2010). In this study, we have investigated
the potential effect of plumbagin against GC-induced apopto-
sis and osteogenic differentiation.

Materials and methods

Chemicals

Plumbagin, Dulbecco’s modified Eagle’s medium, fetal bo-
vine serum, trypsin, antibiotics (penicillin, streptomycin),
DCF-DA, DiOC6 (3,3′-dihexyloxacarbocyanine iodide) were
purchased from Sigma Aldrich Chemicals Private Limited,
USA.

Cell culture and treatments

MC3T3-E1, osteoblastic cells were purchased from American
Type Culture Collection (ATCC-CRL-2593). The cells were
grown in alpha minimum essential medium with ribonucleo-
sides, deoxyribonucleosides, 2 mML-glutamine and 1 mM
sodium pyruvate without ascorbic acid. The media were sup-
plemented with 10 % FBS and antibiotics (penicillin/ strepto-
mycin). DEX-induced cytotoxicity was determined at differ-
ent concentration for 48 hrs. Cells were treated with different
concentration plumbagin for 24 h, followed by a shortlisted
dose of DEX for 24 h. Effective doses of plumbagin and DEX
were used for further studies.

MTTassay

Cell viability was assessed by MTT assay. Briefly, cells (1×
105) were seeded and treated with different concentrations of
DEX (20, 40, 60, 80, 100, and 120 μM) for 48 h. From the
shortlisted dose (IC-50), the protective role of plumbagin was

assessed. Cells were treated with plumbagin at different con-
centrations (5, 10, 15, and 20 μM) for 24 h followed by DEX
treatment. After the treatment, cells were incubated with MTT
(4 mg/ml) for 5 h, and formozan crystals were dissolved in
DMSO. The absorbance was read at 570 nm, and percentage
cell viability was calculated compared to control (Mosmann
1983).

Estimation of intracellular ROS generation

The cells (1×105) were treated with plumbagin for 24 h,
followed by DCF-DA (2′,7′-dichlorodihydrofluorescin
diacetate) for 45 min. Cells were further treated with DEX
for 24 h, and reactive oxygen species (ROS) levels were mea-
sured spectrophotometrically at excitation wavelength 480 nm
and emission wavelength 520 nm. The results were expressed
as % DCF fluorescence compared to control (Royall and
Ischiropoulos 1993).

Lipid peroxidation

After treatment, cells were incubated in 8 % sodium dodecyl
sulfate (SDS) and 0.8 % thiobarbituric acid (TBA) in 20 %
acetic acid and heated for 1 h at 90 °C. Followed by which,
butanol/pyridine mixture was added and shaken vigorously.
The cells were centrifuged at 4000 rpm for 10 min, and the
organic layer was read at 532 nm. The lipid peroxide content
was expressed as nanomoles of TBA reactants per milligram
of protein (Ohkawa et al. 1979).

Antioxidant enzyme activities

Superoxide dismutase (SOD) activity: the SOD activity was
determined as described by Sun et al. (1988). The assay is
based on reduction of nitroblue tetrazolium (NBT). The
amount required for 50 % inhibition of NBT reduction is
1 U of SOD activity. The SOD activity is expressed as units
per milligram of protein. Catalase (CAT) activity: the activity
was determined according to the method described by Aebi
(1984). The reaction mixture contained tissue homogenate
and 30 mM H2O2 in a 50-mM phosphate buffer pH 7.0. The
activity was estimated by decrease in absorbance of H2O2 at
240 nm. Glutathione-S-transferase (GST) activity: the reac-
tion between 1-chloro-2,4-dinitro benzene (CDNB) and re-
duced glutathione results in formation of dinitrophenyl
thioether which is measured at 340 nm (Habig et al. 1974).
The amount of enzyme producing 1 mmol of CDNB-GSH
conjugate/min is 1 U. Glutathione peroxidase (GPx) activity:
the GPx was performed as described by Paglia and Valentine
(1967). The oxidized glutathione (GSSG) is reduced by glu-
tathione reductase and NADPH. The oxidation of NADPH to
NADP+ is measured by a decrease in absorbance at 340 nm.
GPx activity is expressed as units per milligram of protein.
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Mitochondrial membrane potential (Δψm)

After treatment as mentioned above, cells were treated with
DiOC6 (3) (3,3′-dihexyloxacarbocyanine iodide) and incubat-
ed for 45 min, and fluorescence intensity was recorded at
excitation wavelength of 488 nm and emission wavelength
at 500 nm.

Caspase activity-ELISA

The cells (1×106) were treated with plumbagin and DEX as
mentioned in the treatment schedule. The samples were ana-
lyzed for caspase 3, 8, and 9 activities (R and D systems) at
405 nm.

Western blot

The samples (50 μg protein) were separated on 10 % SDS-
PAGE gels and transferred onto polyvinylidene fluoride
(PVDF) membranes. After protein transfer, nonspecific sites
were blocked with 5 % nonfat dried milk for 1 h at RT. The
membrane was washed with TBSTand incubated with prima-
ry mouse monoclonal antibodies against Nrf-2 (ab31163,
Abcam, Cambridge, MA), HO-1 (ab13248, Abcam, Cam-
bridge, MA), NQO1 (ab34173, Abcam, Cambridge, MA),
osteocalcin (OCN) (ab13418, Abcam, Cambridge, MA),
osteopontin (OPN) (ab8448, Abcam, Cambridge, MA), runt-
related transcription factor-2 (Runx-2) (ab76956, Abcam,
Cambridge, MA) (1:1000) at 4 °C overnight. Each membrane
was further incubated for 1 h with secondary peroxidase-
conjugated goat anti-mouse or anto-rabbit IgG (1:5000–
1:10,000). The bands were visualized with an enhanced
chemiluminescence (ECL) system according to the manufac-
turer’s instructions. Densitometric analyses of the Western
blot bands were performed using ImageJ software (GE
Healthcare Life Sciences).

Immuofluorescence

After the respective treatment period, the cells were fixed in
formaldehyde. Permeabilized with Triton X-100 and incubat-
ed with primary (1:100) overnight at 4 °C followed by sec-
ondary antibody (1:5000) specific to Nrf-2. Images were cap-
tured using Leica DMR fluorescence microscope fitted with
an ORCA digital camera. Images were quantified using
ImageJ software.

Statistical analysis

The data were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test. All
the experiments were performed thrice in triplicates to ensure
reproducibility.

Results

Effect of DEX and plumbagin on cell viability

The present study showed that DEX treatment resulted in
a dose-dependent decrease in cell viability compared to
control. IC-50 value was found to be 95 μM. Further
treatment with Plumbagin followed by DEX treatment
significantly increased the cell viability compared to
DEX treatment. Plumbagin at a concentration of 10 μM
and above showed significant protection against DEX-
mediated toxicity. Cell viability was found to be 79, 90,
92, and 92 %. So, further studies were carried out at
10 μM plumbagin and 95 μM DEX, whereas treatment
with plumbagin alone did not show any cell death in the
concentrations tested (Fig. 1 a, b).

Effect of DEX and plumbagin on ROS generation
and lipid peroxidation

Treatment with DEX showed significant increase in
ROS levels and lipid peroxide content compared to con-
trol group. Plumbagin treatment effectively reduced the
oxidative stress through decreased levels of ROS and
lipid peroxides (Fig. 2a, b).

Plumbagin increases Nrf-2 levels and antioxidant enzyme
activities

We next determined the effect of DEX and plumbagin on
redox regulator Nrf-2 and antioxidant enzymes. Results
show that DEX treatment significantly downregulated the
expression of Nrf-2 and their downstream target genes
(NQO1 and HO-1) and antioxidant enzyme activities.
Further, treatment with plumbagin followed by DEX
treatment upregulated Nrf-2 and their target genes and
increased antioxidant status compared to DEX treatment
(Figs. 3 and 4). DEX treatment showed cytoplasmic lo-
cation for Nrf-2 while treatment with plumbagin during
DEX treatment showed nuclear migration of Nrf-2
(Fig. 5).

Plumbagin restores osteogenic markers

We evaluated three important markers of osteogenesis (OCN,
OPN, Runx-2) in MC3T3-E1 cells. Treatment with DEX sig-
nificantly downregulated the protein expression compared to
the control group. Plumbagin treatment upregulated the ex-
pression levels of these osteogenic markers, clearly showing
its protective role against osteoporosis (Fig. 6).
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Effect of plumbagin and DEX on caspase activation

In order to evaluate the effect of DEX and plumbagin on apo-
ptosis, we first determined mitochondrial membrane potential.
DEX treatment showed significant decline in the membrane
potential compared to the control group. Plumbagin treatment
maintained the membrane potential and prevented DEX-
induced changes. Further, treatment with DEX upregulated cas-
pase activities (3, 8 and 9) compared to the control. Plumbagin
showed antiapoptotic effect by downregulating the caspase
levels compared to DEX group (Figs. 7 and 8).

Discussion

GC-induced secondary osteoporosis is a highly prevalent
health issue worldwide. The bone disorder slowly progresses
due to the side effects of GC supplementation, which is often
unnoticed. Reduced bone mineral density (BMD) with high
bone fracture risk and low bone turnover is often associated
with chronic glucocorticoid therapy and GC-induced osteopo-
rosis is associated with decreased bone formation (Gohel et al.
1999; Sosa et al. 2008). To identify, effective protection
against GC-induced osteoporosis, we have evaluated the

Fig 1 Cytotoxic effect of DEX
and plumbagin on osteoblast
cells. Cells were treated with
different concentration of DEX
and plumbagin. Cell viability was
measured using MTT assay.
Results were expressed as % cell
viability compared to control.
Results are given as the mean±
SEM. *p<0.05, **p<0.01,
***p<0.001, when compared to
control group. ++p<0.01, +++
p<0.001 when compared to DEX
treatment. NS nonsignificant
compared to control group (one-
way ANOVA followed by
Tukey’s multiple comparison)

Fig 2 Effect of DEX and plumbagin on oxidative stress. Plumbagin
inhibits lipid peroxide levels: the results are expressed as nanomoles of
TBARS formed per milligram of protein. Plumbagin inhibits ROS levels:
the results are expressed as ROS generated (%) when compared to

control. Results are given as the mean±SEM. ***p<0.001, when
compared to control group. +++ p<0.001, when compared to DEX
treatment. NS nonsignificant compared to control group (one-way
ANOVA followed by Tukey’s multiple comparison)
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protective role of plumbagin, a natural antioxidant compound
against GC-induced toxic effects in vitro.

First, we evaluated the cytotoxic effect of DEX using dif-
ferent concentrations for 48 h and found that DEX caused
dose-dependent cell death with IC-50 value 95 μM. Further,
protective studies were carried out using various concentra-
tions of plumbagin. Plumbagin at a concentration of 10 μM
showed effective protection against DEX-induced cell death
reaching up to 90 %. The concentration of plumbagin used in
the present study was around 1 μg/ml. Oral bioavailability
studies conducted in rats (100 mg/kg body weight) by Hsieh
et al. (2006) reported that plumbagin could reach plasma
levels up to 0.6 μg/ml maximum with stable levels and slow
elimination rate. Further, the lipophilic nature of plumbagin
has been reported to have extensive distribution in the body
tissue owing to its slow elimination (Chandrasekaran and
Nagarajan 1981). Thus, the dose used in the present study
can achieve circulating levels (nearer to the in vivo data).
Previous reports show that plumbagin exerts anticancer as
well as cytoprotective properties in different cells with differ-
ent ranges of concentrations. The IC-50 value of the
plumbagin ranged from 3.87 to 14.6 μM in oral squamous
cell carcinoma (Ono et al. 2015), whereas plumbagin (2.5–
7.5 μM) offered significant protection against lipopolysaccha-
ride (LPS)-induced inflammation through NF-kB and MAPK
pathways in RAW 264.7 cells (Wang et al. 2014). In the pres-
ent study, a significant cytoprotection was offered by
plumbagin at s5–20 μM concentration. Thus, a low dose with
maximum effect was chosen to analyze the effect of
plumbagin on DEX-induced effects. Thus, a reactive property
of a compound is dependent upon the cellular nature and con-
centration tested.

Osteoblast cell death, reduction in growth and differentia-
tion has been implied, due to the higher ROS levels (Mody
et al. 2001; Park et al. 2005). One of the important mediators
of GC-induced osteoporosis is oxidative stress. Deregulation
in redox balance causes activation of redox pathways with the
ultimate result of oxidative stress with a decline in antioxidant
defense mechanisms. The invariant short half-life of ROS
formed is impacted in reduced osteoblast proliferation, differ-
entiation, and induction of apoptosis (Lee et al. 2006). Recent-
ly, the impact of vitamins and antioxidants in bone healing has
been reported to have a positive effect in preventing osteopo-
rosis. Nrf-2 (nuclear factor (erythroid-derived 2)-like 2) is a
transcriptional activator which binds to antioxidant responsive
element (ARE) and enhances the expression of antioxidant
enzymes. Nrf-2 is activated under a change in cellular oxida-
tive stress conditions and offer cytoprotection through a wide
range of phase II antioxidant enzymes: viz glutathione-S-re-
ductase, NAD (P) H: quinone oxidoreductase 1, heme
oxygenase-1 (HO-1), etc. Reactive oxygen species are in-
volved in Nrf-2 activation through inhibition of Keap1-
mediatedNrf2 proteasomal degradation resulting in its nuclear

Fig 3 Plumbagin upregulates Nrf-2, HO-1, and NQO1 expression.
Protein expressions were analyzed through Western blot analysis.
Results were expressed as mean±SEM. Densitometric analysis show
significant regulation of Nrf-2, HO-1, and NQO1 expression in DEX
and plumbagin treatment. *p<0.05, ***p<0.001, when compared to
control group. +++ p<0.001, when compared to DEX treatment. NS
nonsignificant compared to control group

Fig 4 Plumbagin enhances antioxidant enzyme activities (SOD, CAT,
GST, and GPx). Results are given as the mean±SEM. SOD, CAT, GST,
and GPx expressed in units per milligram protein. ***p<0.001 when
compared to control group. +++p<0.001 when compared to DEX
treatment. NS nonsignificant compared to control group (one-way
ANOVA followed by Tukey’s multiple comparison)
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migration (Rushworth and Macewan 2011). The role of oxi-
dative stress in osteoporosis is slowly gaining importance; the
present study showed that DEX caused significant enhance-
ment in oxidative stress markers with increased cellular ROS
generation and lipid peroxide content. In addition, there was a
significant decline in the Nrf-2 protein levels and their down-
stream target genes NQO1 and HO-1 during DEX treatment.
Previous reports suggest that DEX-induced cellular injuries
were mediated through oxidative stress mechanisms (Sato
et al. 2010; You et al. 2009; Feng and Tang 2014). However,
plumbagin treatment followed byDEX treatment significantly
enhanced the Nrf-2 and their target protein expression with a
decline in oxidative stress markers. Further, the levels of anti-
oxidant enzymes were significantly declined during DEX
treatment which was reversed by plumbagin treatment, clear-
ing showing that plumbagin treatment has significant protec-
tion against DEX-induced oxidative stress. The protective role
of plumbagin in the prevention of LPS-induced oxidative
stress and inflammation is mediated through its antioxidant
and anti-inflammatory property (Checker et al. 2014).

Next, the osteoblastogenic markers of bone formation were
evaluated in the presence of DEX and plumbagin. To deter-
mine the possible effect of DEX and plumbagin on osteoblast

differentiation and maturation, osteogenic markers were deter-
mined. Osteoblast cells mature from the precursor mesenchy-
mal stem cells (MSCs). Upon differentiation and maturation,
they function in bone formation through activation of various
osteogenic genes, including RUNX, OCN, and OPN. These
proteins are regarded as important markers of bone formation.
Of which, Runx2 is an important transcription factor activated
and controls the expression of osteogenic markers through its
regulatory activity (Ducy et al. 1997; Franceschi and Xiao
2003). We found that treatment with DEX resulted in signif-
icant downregulation of osteogenic markers, but treatment
with plumbagin enhanced the protein expression compared
to that of DEX-treated cells. Consistent with our results, pre-
vious studies show that oxidative stress contributes in
inhibiting osteoblast differentiation and maturation (Bai et al.
2004; Arai et al. 2007). The present study reveals that
plumbagin is an effective compound in promoting bone for-
mation by improving the osteogenic protein expression.

Glucocorticoid-induced osteoporosis and their role in de-
regulation in bone formation are mediated through apoptotic
signaling (Liu et al. 2004; O'Brien et al. 2004; Lin et al. 2014).
Reports show that a glucocorticoid has a positive relation in
mitochondrial ROS production (Bjelakovic et al. 2007). The

Fig 5 Plumbagin mediates Nrf-2
nuclear localization. Control and
plumbagin showed nuclear
localization of Nrf-2, whereas
DEX treatment (p<0.001)
showed cytoplasmic localization
of Nrf-2 when compared to
control cells. Plumbagin+DEX
treatment augmented Nrf-2
localization (p<0.001) into
nucleus compared to DEX
treatment (Nrf-2 conjugated with
FITC; Nucleus-DAPI). Scale bar
=100 μm
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present study showed that DEX induced significant decrease
in mitochondrial membrane potential with the upregulation of
caspases 9 and 3 showing that the intrinsic pathway of apo-
ptosis is mediated by DEX treatment. Plumbagin treatment
showed protection against DEX-induced apoptotic effect by
enhancing the cell viability, preventing loss of membrane po-
tential and downregulated caspases 3 and 9 expressions.

In conclusion, the present study shows that plumbagin acts
as an effective cytoprotective compound against DEX-

Fig 6 Plumbagin promotes
osteoblast differentiation. Protein
expression of OPN, OCN, and
RUNX-2 were analyzed through
Western blot analysis. Results
were expressed as mean±SEM.
Densitometric analysis show
significant regulation of OPN,
OCN, and RUNX-2 expressions
in DEX and plumbagin treatment.
***p<0.001 when compared to
control group. +++p<0.001 when
compared to DEX treatment. NS
nonsignificant compared to
control group

Fig 7 Plumbagin maintains mitochondrial membrane potential. Results
are given as the mean±SEM. ***p<0.001 when compared to control
group. +++p<0.001 when compared to DEX treatment. NS
nonsignificant compared to control group (one-way ANOVA followed
by Tukey’s multiple comparison)

Fig 8 Effect of plumbagin and DEX on caspase (9, 8, and 3) activities.
Caspase activities are expressed as relative units/b-actin. Results are given
as the mean±SEM. ***p<0.001 when compared to control group. +++
p<0.001 when compared to DEX treatment. NS nonsignificant compared
to control group (one-way ANOVA followed by Tukey’s multiple
comparison)
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induced osteoporosis. Plumbagin reduced DEX-induced oxi-
dative stress by reducing ROS levels and increased the anti-
oxidant defense mechanisms through Nrf-2 nuclear transloca-
tion and expression. Plumbagin upregulated osteogenic
markers and significantly inhibited DEX-induced apoptosis.
Thus, the present study shows evidence that plumbagin could
offer significant cytoprotection against DEX-induced osteo-
porosis by modulating oxidative stress and apoptosis, while
promoting osteoblast differentiation.

Conflict of interest The authors declare there is no conflict of interest.
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