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Abstract

Glucocorticoids (GCs) are frequently used for the suppression of inflammation in chronic

inflammatory diseases. Excessive GCs usage is greatly associated with several side

effects, including gingival ulceration, the downward migration of the epithelium, attachment

loss and disruption of transeptal fibers. The mechanisms underlying GCs-induced impair-

ments in gingival tissue remains poorly understood. Mitochondrial dysfunction is associated

with various oral diseases, such as chronic periodontitis, age-related alveolar bone loss and

hydrogen peroxide-induced cell injury in gingival. Here, we reported an unexplored role of

cyclophilin D (CypD), the major component of mitochondrial permeability transition pore

(mPTP), in dexamethasone (Dex)-induced oxidative stress accumulation and cell dysfunc-

tions in gingival tissue. We demonstrated that the expression level of CypD significantly

increased under Dex treatment. Blockade of CypD by pharmaceutical inhibitor cyclosporine

A (CsA) significantly protected against Dex-induced oxidative stress accumulation in gingi-

val tissue. And the protective effects of blocking CypD in Dex-induced gingival fibroblasts

dysfunction were evidenced by rescued mitochondrial function and suppressed production

of reactive oxygen species (ROS). In addition, blockade of CypD by pharmaceutical inhibitor

CsA or gene knockdown also restored Dex-induced cell toxicity in HGF-1 cells, as shown by

suppressed mitochondrial ROS production, increased CcO activity and decreased apopto-

sis. We also suggested a role of oxidative stress-mediated p38 signal transduction in this

event, and antioxidant N-acety-l-cysteine (NAC) could obviously blunted Dex-induced oxi-

dative stress. These findings provide new insights into the role of CypD-dependent mito-

chondrial pathway in the Dex-induced gingival injury, indicating that CypD may be potential

therapeutic strategy for preventing Dex-induced oxidative stress and cell injury in gingival

tissue.
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Introduction

Glucocorticoids (GCs) are widely used in the clinic for their potent anti-inflammatory and

immunomodulatory activities to treat a variety of disorders including inflammatory, pulmo-

nary, gastrointestinal and autoimmune diseases. However, GCs are strictly controlled for use

due to its severe side effects, including metabolic disease, cardiovascular disease, avascular

necrosis and osteoporosis [1, 2]. GCs can also cause a series of health problems in the peri-

odontal apparatus. Prolonged and/or overdose administration of GCs led to many conditions,

including gingival ulceration, the downward migration of the epithelium, attachment loss, dis-

ruption of transeptal fibers and alveolar bone loss [2–5]. In addition, prolonged and/or over-

dose GCs usages give rise to inhibition of fibroblast activity, loss of collagen and connective

tissue, with decreased re-epithelization and angiogenesis [6].

GCs-induced diseases are usually mediated via the mitochondrial pathway, such as muscle

atrophy, osteoporosis and osteonecrosis [7,8]. Receptors for GCs have been detected in mito-

chondria of various cell types. A role of these receptors in mitochondrial transcription,

OXPHOS biosynthesis, cell survival and apoptosis has been revealed [9,10]. Some previous

studies suggested that GCs can induce mitochondrial permeability transition pore (mPTP)

opening and dysregulate the mitochondrial function in osteoblasts, neuron cells and chondro-

cytes [8,11,12]. GCs can also indirectly induce oxidative stress accumulation by increasing

lipid peroxidation and reactive oxygen species (ROS) production, and inhibiting antioxidant

enzymes in several cell lines [13].

The mitochondrial permeability transition pore is a high conductance and non-specific

channel, which keeps closed under physiological conditions [14]. The opening of the mito-

chondrial permeability transition pore causes mitochondrial osmotic swelling and mitochon-

drial membrane potential (MMP) loss as well as impairments to the mitochondrial respiratory

chain thus increasing ROS production, and eventually leading to cell injury [15]. Cyclophilin

D (CypD), a key component of mPTP, is encoded by ppif gene and plays a significant role in

regulating mPTP function and cell injury [16]. CypD sits in the mitochondrial matrix to keep

the mPTP closed. Under stress conditions, including oxidative stress, mitochondrial calcium

overload, elevated phosphate concentration and adenine depletion, CypD works as an enzyme

to induce mPTP formation and cell injury by binding and regulating unknown proteins [17,

18]. Multiple studies have observed that the mPTP, as regulated by CypD, maintains homeo-

static mitochondrial Ca2+ levels, which is essential for proper metabolic regulation in mito-

chondria [19, 20]. Previous study reported that under oxidative stress, p53 triggers mPTP

opening via physically interacting with CypD, and eventually inducing necrotic cell death in

glioma cells [21]. Heng Du et al. observed that CypD deficiency attenuates Aβ-induced mito-

chondrial ROS production [22].

Oxidative stress would occur when scavenging activities of intracellular antioxidant and the

production of highly reactive oxygen species get out of balance. Physiological level of ROS is

essential for the maintenance of normal cellular function, while excessive production of ROS

leads to mitochondrial damage and cell injury [23, 24]. Given that ROS is noxious products of cel-

lular metabolism and mainly produced by the mitochondria, linking mitochondrial respiration

with ROS effects on cellular function is logical. Indeed superabundant release of ROS has been

known to cause the etiology of various diseases, including periodontitis, oral submucous fibrosis

and oral cancer [25, 26]. mPTP opening is the response of mitochondria to oxidative stress lead-

ing to an amplified ROS signal, it may result in different outcomes depending on ROS levels[27].

In view of the above, we want to explore the mPTP and whether CypD plays a part in

Dex-induced oxidative stress and cell injury in gingival tissue, and if so, what’s the concrete

mechanism?

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue
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Materials and methods

Reagents

Dexamethasone (Dex) was purchased from Taiji Group (Chongqing, China). Dulbecco’s Modi-

fied Eagle Medium (DMEM) was purchased from Hyclone (Logan, UT, USA). Fetal bovine

serum (FBS), L-glutamine and antibiotics, mouse anti-actin antibody, goat anti-mouse IgG anti-

body and goat anti-rabbit IgG antibody were purchased from Millipore (Billerica, MA, USA).

Mouse anti-HO-1 antibody, mouse anti-CypD antibody, rabbit anti-phospho-p38 antibody and

rabbit anti-p38 antibody were purchased from abcam (Cambridge, MA, USA). Mitosox red,

MitoTracker green and Lipofectamine1 RNAiMAX Transfection Reagent were purchased from

Thermo Scientific (Waltham, MA, USA). ON-TARGET plus Mouse ppif siRNA (L-062722) and

control siRNA (D-001810) were purchased from Dharmacon Research (CO, USA). Annexin

V-FITC/propidium iodide (PI) Apoptosis Detection kit was purchased from KeyGEN BioTECH

(Nanjing, China). Other reagents not mentioned here were purchased from Sigma-Aldrich

(St. Louis, MO, USA).

Ethics statement, animal care and experimental design

This research protocol was approved by the Ethics Committee for Laboratory Animal Research

of Sichuan University, and all procedures were performed according to the Laboratory Animal

Requirements of Environment and Housing Facilities (GB 14925–2001). A total of 48 5-week-

old male C57BL/6 mice (body weight, 18-20g) were kindly provided by Laboratory Animal

Center, Sichuan University, Chengdu, China. All animals were housed in an environmental

controlled room with 12 h light/dark cycle under fixed temperature (21˚C) and allowed free

access to food and water. In addition, their health and weight condition were monitored daily.

All animals were randomly assigned to one of the four groups (n = 12/group): the control

treated group (Control), the Dex treated group (Dex), the Dex and NAC double treated group

(Dex-NAC) and the Dex and Cyclosporine A (CsA) double treated group (Dex-CsA). Expect

control group, mice in other three groups were injected intraperitoneally once daily with Dex

in a dose of 0.2 mg/kg for 21 days. Control mice were injected with saline in the same condi-

tion. And simultaneously, NAC group and CsA group were also treated with NAC (150 mg/

kg) and CsA (100 mg/kg) respectively accompanied with Dex injection. The animals were

anaesthetized and sacrificed by intracardiac overdose of sodium pentobaal and gum tissue was

immediately dissected for further test.

In vitro cell culture models

The human gingival fibroblast cell line HGF-1 cells were purchased from ATCC1 (CRL-2014TM;

Manassas, VA) and were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine and

antibiotics at 37˚C in a 5% CO2 humidified atmosphere. Subculture was performed before cells

reached confluence.

Cells were treated with or without Dex (2 μM) and NAC (1 mM) and CsA (1 mM) for 24 h

in the basic medium prior to designed assays. To knockdown of CypD expression, cells were

transfected with ON-TARGET plus Mouse ppif siRNA or control siRNA using Lipofecta-

mine1 RNAiMAX Transfection Reagent according to manufacturer’s protocol. CypD silenc-

ing efficiency was evaluated by immunoblotting at 48 h after siRNA transfection.

Oxidative stress analysis in tissue and cellular level

Mitochondrial ROS levels in gingival tissue and in HGF-1 cells were measured using Mitosox

red, a fluorochrome specific for anion superoxide produced in the inner mitochondrial

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue
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compartment. To estimate ROS production in tissue level, we isolated the palatal gingival,

rinsed them in saline, and then immediately incubated them in 5 μM Mitosox red solution at

37˚C for 30 min. After that, all gingival samples were taken fresh and frozen immediately. Fro-

zen sections of 8μm thickness were made for each sample. Sections were further analyzed for

Mitosox density. For ROS determination in cellular level, HGF-1 cells were exposed to 2.5 μM

Mitosox red and 100nM MitoTracker green at 37˚C for 30 min. ROS imaging was then per-

formed on a OLYMPUS IX71 microscope with a 600x magnification (Tokyo, Japan). Excita-

tion wavelengths were 543 nm for Mitosox red and 488 nm for MitoTracker green. NIH

Image J software was used to detect fluorescent signals and analyze mitochondrial ROS levels.

Total ROS levels in gingival tissue were evaluated by election paramagnetic resonance

(EPR) spectroscopy. Gingival tissue was washed in cooled 0.9% NaCl solution and chopped

into small pieces on ice. A 10% (w/v) homogenate was prepared in 10mM phosphate buffer

(pH 7.4), centrifuged and collected the supernatant. Then drawn the supernatant into glass

capillaries; obtained and analyzed the EPR spectra by using a Bruker EMX plus EPR spectrom-

eter (Billerica, MA, USA).

Measurement of HO-1 expression in tissue level

Gingival tissue was subjected to immunohistochemistry (IHC) staining to detect the expres-

sion of HO-1. After blocking endogenous peroxidase activity with 0.3% hydrogen peroxidase,

cryostat sections were incubated with or without mouse anti-HO-1 antibody (10 μg/mL) over-

night at 4˚C. After rinsing, tissue sections were incubated with goat anti-mouse IgG for 30

min at room temperature, followed by incubation with PAP complex. Peroxidase activity was

visualized using diaminobenzidine solutions and the results were observed using a Nikon

Eclipse 80i microscope (Tokyo, Japan).

Measurement of CcO activity in tissue and cellular level

HGF-1 cells were washed with ice-cold PBS, and then harvested, centrifuged, and suspended

in 50 μL of isolation buffer (250 nM sucrose, 20 nM HEPES, 1 mM EDTA). Suspensions of tis-

sue homogenate (method has been mentioned above) and cell mixture were added to a cuvette

containing 0.95 mL of 1x assay buffer (10 mM Tris-HCL, pH 7.0). The reaction was then initi-

ated by addition of 50 μL of ferrocytochrome substrate solution (0.22 mM), and the absor-

bance of reactive volume was detected at 550 nm by a Varioskan Flash spectrophotometer

(Thermo Scientific).

Western blot analysis in tissue level

The frozen tissues were homogenized in lysis buffer (140 mM NaCl, 1 mM EDTA, 10% glycerol,

1% NP40, 20 mM Tris-HCl, pH 7.5) containing protease-inhibitor, 1 mM PMSF at 4˚C. After

centrifugation for 15 min at 14,000 g, the supernatants were subjected to western blot analysis.

20 μg lysates were subjected to SDS-PAGE and then transferred to polyvinylidene difluoride

membranes (Bio-rad, Hercules, USA). Blotted membranes were incubated with 5% BSA (Milli-

pore) in Tris-buffered saline containing 0.1% Tween-20 for 1h. Mouse anti-CypD antibody

(1:1000), rabbit anti-phospho-p38 antibody (1:1000), rabbit anti-p38 antibody (1:1000), and

mouse anti-actin antibody (1:5000) were used as the primary antibodies. After a wash step, bind-

ing sites of primary antibody were visualized with horseradish peroxidase-conjugated goat anti-

mouse IgG antibody or goat anti-rabbit IgG antibody (1:5000). Immunoreactive protein bands

were visualized by use of a chemiluminescence kit (Millipore) and quantified by densitometry

(Quantity One; Bio-Rad, Hercules, CA, USA). Band relative optical density was detected by NIH

Image J software and normalized with β-actin levels.

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue
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Measurements of apoptosis in celluar level

Cell death was assessed using the Annexin V-FITC/propidium iodide (PI) Apoptosis Detec-

tion kit. According to manufacturer’s instructions, HGF-1 cells were harvested, washed with

PBS and resuspended in 500 μl binding buffer. Annexin V-FITC and PI were added to the cell

suspension. After incubating for 10 min in the dark, analysis was performed by flow cytometry

(Beckman Coulter).

Statistical analysis

Data are presented as the mean ± SD. Statistical analysis to compare results between groups

was conducted by student’s t-test or one-way analysis of variance (ANOVA) with GraphPad

Prism 6.0 software (Graphpad Software, Inc., La Jolla, CA, USA). P< 0.05 was considered sig-

nificant. All assays were repeated in three independent experiments.

Results

Dex-induced oxidative damage in gingival tissue

Because mitochondria are major source of ROS generation, we evaluated mitochondrial

ROS levels by using highly selective fluorescent dye (Mitosox red). Compared with Control

group, treatment with Dex significantly increased intensity of Mitosox red staining in gingi-

val epithelial spikes, suggesting that Dex induced high levels of mitochondrial ROS (Fig 1A

and 1B).

To further confirm the oxidative stress status of gingival tissue, we also performed an

IHC staining for detecting HO-1 expression and a highly specific EPR assay for quantita-

tively measuring total ROS levels. We observed that the intensity of HO-1 staining was sig-

nificantly enhanced in gingival epithelial spikes treated with Dex, indicating that Dex

promoted HO-1 expression (Fig 1C and 1D). Consistently, total ROS levels were obviously

elevated in Dex group compared to Control group (Fig 1E). These data in conjunction with

the Mitosox results suggest an elevation of ROS generation/accumulation in Dex-treated

gingival tissue.

Given that CcO is one of the key enzyme associated with the mitochondrial respiratory

chain and that ROS are generated as a by-product of electron transfer, we next tested whether

Dex-treated gingival has abnormal CcO activity. As shown in Fig 1F, CcO activity of Dex

group decreased by 2-fold compared to Control group. These results indicate that oxidative

stress resulting from Dex treatment may impair mitochondrial function.

Enhanced expression of CypD in Dex-treated gingival tissue

In view of the increased expression of CypD associated with mitochondrial dysfunction, we

explored whether CypD serves as a mitochondrial target mediating Dex-induced oxidative

stress. According to western blot analysis, CypD levels in Dex group were significantly

increased (65%) as compared to Control group (Fig 1G).

Antioxidant and CypD inhibition depresses oxidative stress level in

gingival tissue

Next, we evaluated the direct effects of antioxidant properties of NAC to determine whether

antioxidant treatment reduces oxidative damage in Dex group. Treatment with NAC almost

abolished oxidative damage as indicated by decreased Mitosox staining intensity (Fig 2A and

2B), HO-1 staining intensity (Fig 2C and 2D) and EPR values (Fig 2E and 2F) in NAC group

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue
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compared to Dex group. In order to further explore the role of CypD in Dex-induced oxidative

damage, we next evaluated whether inhibition of CypD protected gingival tissue against oxida-

tive stress. Similarly, the addition of CsA, an inhibitor of CypD, to Dex-treated gingival tissue

also showed a lower oxidative stress (Fig 2A–2F). Importantly, our results further proved that

Dex-induced CcO activity defect, which leaded to ROS over production and accumulation,

were also significantly rescued with NAC or CsA treatment (Fig 2G). Taken together, these

results suggest that antioxidants and CypD inhibitors may benefit Dex-treated gingival tissue

by suppressing the oxidative stress level.

Activation of p38 signal pathway in Dex-induced oxidative damage

Given that oxidative stress induces activation of mitogen-activated protein (MAP) kinases,

including p38, we then assessed whether p38 signal pathway is involved in regulation of

Dex-induced oxidative damage. As shown in Fig 3, p38 phosphorylation increased by

1.6-fold in Dex group compared to control group. Addition of NAC to Dex-treated gingival

tissue, however, largely abolished p38 phosphorylation. In parallel, CsA treatment block-

aded p38 phosphorylation in CsA group compared to Dex group. These data demonstrated

that activation of p38 signal pathway may contribute to Dex-induced oxidative damage in

gingival tissue.

Fig 1. Changes in oxidative stress and CypD expression in Dex-treated gingival tissue. (A) Level of mitochondrial ROS was assessed by

Mitosox red staining intensity. (B) Representative images of Mitosox red staining. (C) Level of total ROS was assessed by HO-1staining intensity.

(D) Representative images of HO-1 staining. (E) Level of total ROS was assessed by EPR values. The peak height in the spectrum represents

the level of total ROS. Representative EPR spectra are shown in the lower panel. (F) Cco activity was determined in tissue homogenate. (G)

Quantification of immunoreactive bands of CypD. Representative immunoblots are shown in the lower panel. Image intensity was quantified

using NIH Image J software. N = 12 mice/group.

doi:10.1371/journal.pone.0173270.g001
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Antioxidant and CypD inhibition restores oxidative damage in HGF-1

cells

To accurately and completely evaluate the effect of antioxidant on Dex-derived toxicity, we

compared mitochondrial ROS levels, CcO activity and apoptosis in Dex-treated HGF-1 cells to

those in NAC-treated cells. Addition of NAC largely suppressed Mitosox staining intensity

(Fig 4A and 4B), increased CcO activity (Fig 4C) and decreased apoptosis rate in HGF-1 cells

(Fig 4D and 4E) compared to mere Dex treatment. Moreover, changes of mitochondrial ROS

levels, CcO activity and apoptosis rate in CsA-treated HGF-1 cells were consistent with those

in NAC-treated cells (Fig 4A–4E), indicating the protective effect of antioxidants and CypD

inhibitors against Dex-derived toxicity in HGF-1 cells.

CypD silencing with siRNA attenuates oxidative damage in HGF-1 cells

In order to further determine the effect of CypD blockade on oxidative damage observed in

Dex-treated HGF-1 cells, we declined CypD expression levels by using siRNA transfection(Fig

5A). Mitosox red staining results showed that mitochondrial ROS levels were attenuated by

treating with ppif-siRNA (Fig 5B and 5C). CcO activity in ppif-siRNA-transfected HGF-1 cells

was significantly increased by 23% compared to control-siRNA-transfected cells (Fig 5D).

Fig 2. Effect of NAC and CsA treatment on the Dex-induced oxidative damage in gingival tissue. Mice were treated with designated

concentrational NAC (150 mM) and CsA (100 mM) for 21 days and then performed the following measurements. (A) Level of mitochondrial

ROS was assessed by Mitosox red staining intensity. (B) Representative images of Mitosox red staining. (C) Level of total ROS was assessed

by HO-1staining intensity. (D) Representative images of HO-1 staining. (E) Level of total ROS was assessed by EPR values. The peak height

in the spectrum represents the level of total ROS. (F) Representative EPR spectra. (G) Cco activity was determined in tissue homogenate.

Image intensity was quantified using NIH Image J software. N = 12 mice/group.

doi:10.1371/journal.pone.0173270.g002
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Furthermore, Levels of apoptosis among ppif-siRNA-transfected cells was decreased signifi-

cantly compared to control-siRNA-transfected cells (Fig 5E and 5F). These results further vali-

dated that CypD is critical for Dex-induced oxidative stress in gingival tissue as well as in

HGF-1 cells, and suppression of CypD rescues Dex-derived toxicity.

Discussion

Prolonged and/or overdose GCs usage leads to many conditions, including gingival ulceration,

the downward migration of the epithelium, attachment loss and disruption of transeptal fibers

in some studies. Nevertheless, the mechanisms underlying GCs-induced impairments in gingi-

val remain poorly understood. For the first time, we reported that CypD activates MPKA sig-

naling contributes to Dex-induced oxidative stress and cell cytotoxicity in gingival tissue. First,

we showed that Dex induced oxidative damage, overexpression of CypD and activation of p38

signaling in gingival tissue. Second, blockade of CypD greatly attenuated Dex-induced oxida-

tive damage and activation of p38 signaling, antioxidant NAC also blunted Dex-induced gingi-

val oxidative alterations and suppressed the p38 phosphorylation level. Third, we further

confirmed the protection role of CypD in the in vitro study through blockade of CypD by

pharmaceutical inhibitor or gene knockdown in HGF-1 cells, which showed consistent results

Fig 3. Activation of p38 signaling pathway in Dex-induced oxidative damage in gingival tissue.

Quantification of immunoreactive bands of p-p38 normalized to t-p38 in vehicle group, Dex group and after

treatment with NAC and CsA as designed. Representative immunoblots are shown in lower panels. Image

intensity was quantified using NIH Image J software. N = 12 mice/group.

doi:10.1371/journal.pone.0173270.g003
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that CypD depletion could significantly restore Dex-induced oxidative damage in HGF-1 cells,

as shown by suppressed mitochondrial ROS production, increased CcO activity and decreased

apoptosis. Our results indicate that CypD-mediated overproduction and accumulation of

mitochondrial and intracellular ROS activated p38 MAP Kinase, which eventually led to mito-

chondrial and cellular dysfunctions in gingival tissue. Notably, abrogation of CypD restored

Dex-induced oxidative damage and then inhibited p38 signaling pathway, thus eventually

attenuating further damage in gingival tissue. In conclusion, CypD-ROS- p38 signal transduc-

tion axis appears to be an important player in the scenario leading to cell cytotoxicity in gingi-

val tissue.

Recently, it has been reported that the GCs could down-regulate the mitochondria function,

decrease cellular energy yield, elevate cytosolic Ca2+ concentrations, alter mitochondrial per-

meability in neuron cells and chondrocytes [28, 29]. Dysregulation of mitochondria could lead

to increases in ROS production [11]. ROS are toxic molecules which can damage almost all cel-

lular components. Oxidative stress is at the basis of numerous diseases [30]. In the present of

study, we examined the effect of Dex on gingival tissue. Under our experimental condition,

Dex induced high levels of mitochondrial and cellular ROS. In addition, CcO activity of Dex

group decreased by 2-fold compared to control group, suggesting that Dex treatment may

impair mitochondrial function.

CypD is a key component of mitochondrial permeability transition pore. Under stresses,

CypD associates with the adenine nucleotide translocase(ANT) in the inner membrane(IMM)

Fig 4. Effect of NAC and CsA treatment on the Dex-induced oxidative damage in HGF-1 cells. HGF-1 cells were treated with drugs as

designed and then performed the following measurements. (A) Representative images of Mitosox red staining. (B) Level of mitochondrial ROS

was assessed by Mitosox red staining intensity. (C) Cco activity was determined in cell lysate. (D) Apoptosis was detected by flow cytometry.

(E) Values represent means ± SD of three experiments. Image intensity was quantified using NIH Image J software. (Scale bar = 10 μm).

N = 5–7 cell lines/group.

doi:10.1371/journal.pone.0173270.g004
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and the voltage dependent anion channel(VDAC) in the outer membrane to form a channel,

which in turn increases IMM permeability and induces mPTP opening. Previous studies have

demonstrated that the mPTP opening causes mitochondrial membrane potential loss, mito-

chondria swelling and ROS production, eventually resulting in cell injury. Heng Du et al have

shown the crosstalk between the CypD-dependent mitochondrial oxidative stress and protein

kinase A (PKA)/cAMP regulatory-element-binding (CREB) signal transduction pathway in

neurons. Blockade of CypD attenuates Aβ-induced ROS, mitochondrial dysfunction and the

consequent cognitive impairments [22]. Lan Guo et al have shown Aβ-CypD interaction

induces mPTP opening, promotes production of ROS, and further activating p38 MAPK sig-

nal transduction pathway, causing synaptic damage [12]. Our results showed that CypD was

highly expressed in Dex-treated gingival tissue. Inhibition of CypD by CsA or silencing of

CypD with siRNA clearly inhibited the Dex-induced oxidative stress, indicating that CypD-

mediated mPTP opening played an important role in oxidative stress accumulation of gingival

tissue.

Activation of p38 MAP kinase is associated with enhanced intracellular ROS production/

accumulation and mitochondrial dysfunction. Our results showed that levels of p38 phosphor-

ylation were significantly activated in Dex-treated gingival tissue. Antioxidant NAC blunted

Dex-induced p38 activation, suggesting that oxidative stress played a part in disruption of sig-

nal transduction such as p38 MAP kinase contributing to cell toxicity in gingival. Moreover,

Fig 5. Effect of CypD blockade on the Dex-induced oxidative damage in HGF-1 cells. HGF-1 cells were treated with siRNA for ppif or

control siRNA as designed and then performed the following measurements. (A) Immunoblotting for CypD in cells transfected with siRNA-ppif

or control siRNA. (B) Representative images of Mitosox red staining. (C) Level of mitochondrial ROS was assessed by Mitosox red staining

intensity. (D) Cco activity was determined in cell lysate. (E) Apoptosis was detected by flow cytometry. (F) Values represent means ± SD of

three experiments. Image intensity was quantified using NIH Image J software. (Scale bar = 10μm). N = 5–7 cell lines/group.

doi:10.1371/journal.pone.0173270.g005

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue
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Inhibition of CypD by CsA or silencing of CypD with siRNA blunted Dex-induced p38 phos-

phorylation, indicating a role of CypD-mediated p38 MAPK signaling in cell injury in gingival.

Thus, we proposed that CypD-dependent ROS production are responsible for p38 MAPK acti-

vation, resulting in further mitochondrial damage and cell toxicity. The detailed mechanisms

of P38 activation need further investigation.

In conclusion, our results gained new insights into the mechanism of mitochondrial dys-

function in Dex-induced cell toxicity in gingival, specifically the role of CypD. Dex-CypD

interaction induces mPTP opening, subsequently increases production of ROS, and further

activating p38 MAPK signal transduction pathway, causing cell toxicity in gingival tissue. We

have clearly demonstrated that blockade of CypD rescues Dex-induced oxidative stress dam-

age and suppressed activation of p38 signaling both in gingival tissue level and cell level under

Dex treatment. Therefore, blockade of CypD may be potential therapeutic strategy for prevent-

ing Dex-induced oxidative stress and cell toxicity in gingival tissue.

Author Contributions

Conceptualization: XG HY.

Formal analysis: ZZ AX.

Funding acquisition: XG HY.

Investigation: YH LZ.

Methodology: YH LZ.

Supervision: XG HY.

Validation: ZZ.

Writing – original draft: YH LZ XG.

References
1. Li J, He C, Tong W, Zou Y, Li D, Zhang C, et al. Tanshinone IIA blocks dexamethasone-induced apopto-

sis in osteoblasts through inhibiting Nox4-derived ROS production. International journal of clinical and

experimental pathology. 2015; 8(10):13695–706. PMID: 26722597

2. Ezzat BA, Abbass MM. The ability of H1 or H2 receptor antagonists or their combination in counteract-

ing the glucocorticoid-induced alveolar bone loss in rats. Journal of oral pathology & medicine: official

publication of the International Association of Oral Pathologists and the American Academy of Oral

Pathology. 2014; 43(2):148–56.

3. Lipari WA, Blake LC, Zipkin I. Preferential response of the periodontal apparatus and the epiphyseal

plate to hydrocortisone and fluoride in the rat. Journal of periodontology. 1974; 45(12):879–90. doi: 10.

1902/jop.1974.45.12.879 PMID: 4533497

4. Cavagni J, Soletti AC, Gaio EJ, Rosing CK. The effect of dexamethasone in the pathogenesis of liga-

ture-induced periodontal disease in Wistar rats. Brazilian oral research. 2005; 19(4):290–4. PMID:

16491258

5. Garcia VG, Fernandes LA, de Almeida JM, Bosco AF, Nagata MJ, Martins TM, et al. Comparison

between laser therapy and non-surgical therapy for periodontitis in rats treated with dexamethasone.

Lasers in medical science. 2010; 25(2):197–206. doi: 10.1007/s10103-009-0678-z PMID: 19440786

6. Bouvard B, Gallois Y, Legrand E, Audran M, Chappard D. Glucocorticoids reduce alveolar and trabecu-

lar bone in mice. Joint, bone, spine: revue du rhumatisme. 2013; 80(1):77–81.

7. Liu J, Peng Y, Wang X, Fan Y, Qin C, Shi L, et al. Mitochondrial Dysfunction Launches Dexametha-

sone-Induced Skeletal Muscle Atrophy via AMPK/FOXO3 Signaling. Molecular pharmaceutics. 2016;

13(1):73–84. doi: 10.1021/acs.molpharmaceut.5b00516 PMID: 26592738

8. Zhen YF, Wang GD, Zhu LQ, Tan SP, Zhang FY, Zhou XZ, et al. P53 dependent mitochondrial perme-

ability transition pore opening is required for dexamethasone-induced death of osteoblasts. Journal of

cellular physiology. 2014; 229(10):1475–83. doi: 10.1002/jcp.24589 PMID: 24615518

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue

PLOS ONE | DOI:10.1371/journal.pone.0173270 March 8, 2017 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/26722597
http://dx.doi.org/10.1902/jop.1974.45.12.879
http://dx.doi.org/10.1902/jop.1974.45.12.879
http://www.ncbi.nlm.nih.gov/pubmed/4533497
http://www.ncbi.nlm.nih.gov/pubmed/16491258
http://dx.doi.org/10.1007/s10103-009-0678-z
http://www.ncbi.nlm.nih.gov/pubmed/19440786
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00516
http://www.ncbi.nlm.nih.gov/pubmed/26592738
http://dx.doi.org/10.1002/jcp.24589
http://www.ncbi.nlm.nih.gov/pubmed/24615518


9. Psarra AM, Sekeris CE. Steroid and thyroid hormone receptors in mitochondria. IUBMB life. 2008; 60

(4):210–23. doi: 10.1002/iub.37 PMID: 18344181

10. Sionov RV, Cohen O, Kfir S, Zilberman Y, Yefenof E. Role of mitochondrial glucocorticoid receptor in

glucocorticoid-induced apoptosis. The Journal of experimental medicine. 2006; 203(1):189–201. doi:

10.1084/jem.20050433 PMID: 16390935

11. Shen C, Cai GQ, Peng JP, Chen XD. Autophagy protects chondrocytes from glucocorticoids-induced

apoptosis via ROS/Akt/FOXO3 signaling. Osteoarthritis and cartilage / OARS, Osteoarthritis Research

Society. 2015; 23(12):2279–87.

12. Guo L, Du H, Yan S, Wu X, McKhann GM, Chen JX, et al. Cyclophilin D deficiency rescues axonal mito-

chondrial transport in Alzheimer’s neurons. PloS one. 2013; 8(1):e54914. doi: 10.1371/journal.pone.

0054914 PMID: 23382999

13. Feng YL, Tang XL. Effect of glucocorticoid-induced oxidative stress on the expression of Cbfa1. Che-

mico-biological interactions. 2014; 207:26–31. doi: 10.1016/j.cbi.2013.11.004 PMID: 24239970

14. Miura T, Tanno M. The mPTP and its regulatory proteins: final common targets of signalling pathways

for protection against necrosis. Cardiovascular research. 2012; 94(2):181–9. doi: 10.1093/cvr/cvr302

PMID: 22072634

15. Du H, Yan SS. Mitochondrial permeability transition pore in Alzheimer’s disease: cyclophilin D and amy-

loid beta. Biochimica et biophysica acta. 2010; 1802(1):198–204. doi: 10.1016/j.bbadis.2009.07.005

PMID: 19616093

16. Fonai F, Priber JK, Jakus PB, Kalman N, Antus C, Pollak E, et al. Lack of cyclophilin D protects against

the development of acute lung injury in endotoxemia. Biochimica et biophysica acta. 2015; 1852

(12):2563–73. doi: 10.1016/j.bbadis.2015.09.004 PMID: 26385159

17. Jandova J, Janda J, Sligh JE. Cyclophilin 40 alters UVA-induced apoptosis and mitochondrial ROS gen-

eration in keratinocytes. Experimental cell research. 2013; 319(5):750–60. doi: 10.1016/j.yexcr.2012.

11.016 PMID: 23220213

18. Baines CP. The molecular composition of the mitochondrial permeability transition pore. Journal of

molecular and cellular cardiology. 2009; 46(6):850–7. doi: 10.1016/j.yjmcc.2009.02.007 PMID:

19233198

19. Elrod JW, Wong R, Mishra S, Vagnozzi RJ, Sakthievel B, Goonasekera SA, et al. Cyclophilin D controls

mitochondrial pore-dependent Ca(2+) exchange, metabolic flexibility, and propensity for heart failure in

mice. The Journal of clinical investigation. 2010; 120(10):3680–7. doi: 10.1172/JCI43171 PMID:

20890047

20. Elrod JW, Molkentin JD. Physiologic functions of cyclophilin D and the mitochondrial permeability transi-

tion pore. Circulation journal: official journal of the Japanese Circulation Society. 2013; 77(5):1111–22.

21. Qin LS, Jia PF, Zhang ZQ, Zhang SM. ROS-p53-cyclophilin-D signaling mediates salinomycin-induced

glioma cell necrosis. Journal of experimental & clinical cancer research: CR. 2015; 34:57.

22. Du H, Guo L, Wu X, Sosunov AA, McKhann GM, Chen JX, et al. Cyclophilin D deficiency rescues

Abeta-impaired PKA/CREB signaling and alleviates synaptic degeneration. Biochimica et biophysica

acta. 2014; 1842(12 Pt A):2517–27.

23. Jung WW. Protective effect of apigenin against oxidative stress-induced damage in osteoblastic cells.

International journal of molecular medicine. 2014; 33(5):1327–34. doi: 10.3892/ijmm.2014.1666 PMID:

24573323

24. Murphy MP. How mitochondria produce reactive oxygen species. The Biochemical journal. 2009; 417

(1):1–13. doi: 10.1042/BJ20081386 PMID: 19061483

25. Li X, Wang X, Zheng M, Luan QX. Mitochondrial reactive oxygen species mediate the lipopolysaccha-

ride-induced pro-inflammatory response in human gingival fibroblasts. Experimental cell research.

2016; 347(1):212–21. doi: 10.1016/j.yexcr.2016.08.007 PMID: 27515000

26. Chang MC, Chan CP, Chen YJ, Hsien HC, Chang YC, Yeung SY, et al. Areca nut components stimulate

ADAM17, IL-1alpha, PGE2 and 8-isoprostane production in oral keratinocyte: role of reactive oxygen

species, EGF and JAK signaling. Oncotarget. 2016; 7(13):16879–94. doi: 10.18632/oncotarget.7621

PMID: 26919242

27. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS) and ROS-induced

ROS release. Physiological reviews. 2014; 94(3):909–50. doi: 10.1152/physrev.00026.2013 PMID:

24987008

28. Suwanjang W, Abramov AY, Charngkaew K, Govitrapong P, Chetsawang B. Melatonin prevents cyto-

solic calcium overload, mitochondrial damage and cell death due to toxically high doses of dexametha-

sone-induced oxidative stress in human neuroblastoma SH-SY5Y cells. Neurochemistry international.

2016; 97:34–41. doi: 10.1016/j.neuint.2016.05.003 PMID: 27155536

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue

PLOS ONE | DOI:10.1371/journal.pone.0173270 March 8, 2017 12 / 13

http://dx.doi.org/10.1002/iub.37
http://www.ncbi.nlm.nih.gov/pubmed/18344181
http://dx.doi.org/10.1084/jem.20050433
http://www.ncbi.nlm.nih.gov/pubmed/16390935
http://dx.doi.org/10.1371/journal.pone.0054914
http://dx.doi.org/10.1371/journal.pone.0054914
http://www.ncbi.nlm.nih.gov/pubmed/23382999
http://dx.doi.org/10.1016/j.cbi.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24239970
http://dx.doi.org/10.1093/cvr/cvr302
http://www.ncbi.nlm.nih.gov/pubmed/22072634
http://dx.doi.org/10.1016/j.bbadis.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19616093
http://dx.doi.org/10.1016/j.bbadis.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26385159
http://dx.doi.org/10.1016/j.yexcr.2012.11.016
http://dx.doi.org/10.1016/j.yexcr.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23220213
http://dx.doi.org/10.1016/j.yjmcc.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19233198
http://dx.doi.org/10.1172/JCI43171
http://www.ncbi.nlm.nih.gov/pubmed/20890047
http://dx.doi.org/10.3892/ijmm.2014.1666
http://www.ncbi.nlm.nih.gov/pubmed/24573323
http://dx.doi.org/10.1042/BJ20081386
http://www.ncbi.nlm.nih.gov/pubmed/19061483
http://dx.doi.org/10.1016/j.yexcr.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27515000
http://dx.doi.org/10.18632/oncotarget.7621
http://www.ncbi.nlm.nih.gov/pubmed/26919242
http://dx.doi.org/10.1152/physrev.00026.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987008
http://dx.doi.org/10.1016/j.neuint.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27155536


29. Filipovic D, Zlatkovic J, Inta D, Bjelobaba I, Stojiljkovic M, Gass P. Chronic isolation stress predisposes

the frontal cortex but not the hippocampus to the potentially detrimental release of cytochrome c from

mitochondria and the activation of caspase-3. Journal of neuroscience research. 2011; 89(9):1461–70.

doi: 10.1002/jnr.22687 PMID: 21656845

30. Ghezzi P, Jaquet V, Marcucci F, Schmidt HH. The oxidative stress theory of disease: levels of evidence

and epistemological aspects. British journal of pharmacology. 2016.

Cyclophilin D and dexamethasone-induced oxidative stress in gingival tissue

PLOS ONE | DOI:10.1371/journal.pone.0173270 March 8, 2017 13 / 13

http://dx.doi.org/10.1002/jnr.22687
http://www.ncbi.nlm.nih.gov/pubmed/21656845

