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RESEARCH PAPER

Increased apoptosis of gingival epithelium is associated with impaired autophagic 
flux in medication-related osteonecrosis of the jaw
Xian Donga, Yang Hea, Jingang Ana, Linhai Hea,b, Yi Zhenga, Xinyu Wanga, Jie Wanga, Shuo Chena, and Yi Zhanga

aDepartment of Oral and Maxillofacial Surgery, Peking University School and Hospital of Stomatology & National Center for Stomatology & National 
Clinical Research Center for Oral Diseases & National Engineering Research Center of Oral Biomaterials and Digital Medical Devices, Beijing, China; 
bFirst Clinical Division, Peking University School Hospital of Stomatology, Beijing, China

ABSTRACT
Macroautophagy/autophagy has both negative and positive aspects in the development of many 
diseases. Yet, its exact role and specific mechanism in the onset of medication-related osteonecrosis 
of the jaw (MRONJ) is still not fully understood. Retarded gingiva healing is the primary clinical 
manifestation in patients with MRONJ. In this study, we aimed to explore the relationship between 
autophagy and apoptosis in MRONJ gingival epithelium and search for a method to prevent this 
disease. First, we examined clinical samples from patients diagnosed with MRONJ and healthy 
controls, finding that autophagy-related markers MAP1LC3/LC3 and SQSTM1/p62 synchronously 
increased, thus suggesting that autophagic flux was suppressed in MRONJ. Moreover, mRNA sequen-
cing analysis and TUNEL assay showed that the process of apoptosis was upregulated in patients and 
animals with MRONJ, indicating autophagy and apoptosis participate in the development of MRONJ. 
Furthermore, the level of autophagy and apoptosis in zoledronic acid (ZA)-treated human keratino-
cytes cell lines (HaCaT cells) was concentration dependent in vitro. In addition, we also found that 
RAB7 (RAB7, member RAS oncogene family) activator ML098 could rescue MRONJ gingival lesions in 
mice by activating the autophagic flux and downregulating apoptosis. To sum up, this study 
demonstrated that autophagic flux is impaired in the gingival epithelium during MRONJ, and the 
rescued autophagic flux could prevent the occurrence of MRONJ.
Abbreviations: ACTB: actin beta; Baf-A1: bafilomycin A1; CASP3: caspase 3; CASP8: caspase 8; CT: 
computed tomography; DMSO: dimethyl sulfoxide; GFP: green fluorescent protein; HaCaT cells: 
human keratinocytes cell lines; H&E: hematoxylin and eosin; MAP1LC3/LC3: microtubule-associated 
protein 1 light chain 3; MRONJ: medication-related osteonecrosis of the jaw; PARP: poly(ADP-ribose) 
polymerase; RAB7: RAB7, member RAS oncogene family; RFP: red fluorescent protein; SQSTM1/p62: 
sequestosome 1; TEM: transmission electron microscopy; ZA: zoledronic acid.
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Introduction

Medication-related osteonecrosis of the jaw (MRONJ) is 
a rare and painful condition that is difficult to treat. The 
first case of MRONJ was reported in 2003. The condition is 
characterized by an area of exposed bone in the mandible 
and/or maxilla that typically does not heal over 8 weeks [1,2]. 
Also, the pathophysiological mechanisms associated with 
MRONJ are very complex and poorly understood [2]. 
Although soft tissue toxicity has relevant roles in MRONJ 
pathogenesis [3–5], understanding the molecular mechanisms 
involved in gingival epithelial injury contributing to the pro-
gression of MRONJ is still very limited.

Macroautophagy/autophagy, a necessary biological cellular 
process responsible for selectively eliminating damaged cellu-
lar organelles and protein aggregates, is a lysosome-dependent 
degradation pathway [6,7]. In healthy human skin, 
MAP1LC3/LC3 (microtubule associated protein 1 light 
chain 3), a key autophagosome marker, is expressed in all 
epidermis layers [8]. Le, et al. demonstrated that keratinocyte 

autophagy participates in skin repair by facilitating wound 
healing and coordinating keratinocyte – fibroblast interaction 
[9]. However, autophagy also participates the development of 
various skin diseases, such as viral or bacterial infectious 
dermatoses, psoriasis, systemic lupus erythematosus, squa-
mous cell carcinoma, and melanoma [10].

Apoptosis is a highly organized and programmed cell death 
that occurs in multicellular organisms [11,12]. Dysregulation 
of apoptosis is seen in many diseases [11]. Moreover, apop-
tosis of osteoclasts, osteoblasts, and gingiva-derived mesench-
ymal stem cells by bisphosphonates has been recently 
demonstrated [13–15], implicating that apoptosis may parti-
cipate in the onset of MRONJ.

Given that gingival epithelium shares similar construct 
with skin epithelium, we hypothesized that autophagy parti-
cipate in retarded wound healing in MRONJ. In this study, we 
explored the relationship between autophagy and apoptosis in 
MRONJ gingival epithelium and searched for a method to
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prevent this disease. This discovery improves the understand-
ing of the pathogenesis of MRONJ and may provide the 
potential therapeutic target of this refractory disease.

Results

Gingival autophagic flux is impaired in MRONJ

All MRONJ patients received debridement. The region of 
clinical samples was debridement boundary and circled in 
Fig. S1. Gingival epithelial tissues were collected from patients 
with MRONJ and healthy persons to assess the levels of 
autophagy by immunofluorescence staining and western 
blot. The clinical features of healthy controls and patients 
diagnosed with MRONJ are presented in Table S1. Both 
gingival epithelial tissues displayed a relatively normal struc-
ture by hematoxylin and eosin (H&E) staining. However, the 
accumulation of double membrane structures (autophago-
somes) was only seen in the MRONJ group (Figure 1A,B).

Then, the autophagy marker LC3 (a direct marker of 
autophagosome biogenesis) was analyzed [16]. As shown in 
Figure 1C,D, the LC3 levels were markedly higher in the 
gingival epithelium of patients with MRONJ than in healthy 
controls. Moreover, the LC3-II was upregulated in MRONJ 
gingiva (Figure 1F,G). However, increased LC3 levels do not 
necessarily mean that the autophagic flux is activated because 
of the accumulation of autophagosomes; increased LC3 levels 
may represent autophagy induction or inhibition for defi-
ciency in autophagosome maturation [16]. Thus, SQSTM1/ 
p62 (sequestosome 1), another commonly used autophagy 
marker whose accumulation reflects intracellular protein 
aggregation or autophagy dysfunction [17], was detected in 
the present study. Figure 1C,E show that more SQSTM1 was 
colocalized with LC3 in MRONJ gingiva vs. control tissue. In 
addition, the SQSTM1 accumulation in MRONJ was also 
detected by western blot (Figure 1F,H). Collectively, these 
data indicate the impairment of autophagic flux in MRONJ 
gingival epithelium.

Impaired autophagic flux by zoledronate is dependent on 
concentration in vitro

Human keratinocytes cell lines (HaCaT cells) were treated for 
48 h with increasing concentrations of ZA to determine if 
MRONJ-related key drug bisphosphonates impair autophagic 
flux. A significant decrease in cell numbers at high concentra-
tions of 25 and 50 μM was found compared with that at a low 
concentration of 0–1 μM (Figure 2A,B). The cytotoxicity assay 
also suggested that 10–50 μM ZA were more cytotoxic than 0– 
5 μM after 48 h (Figure 2C). ZA increased the autophagy- 
related gene expression in a dose-dependent manner, and 
these data were consistent with the clinical data shown 
above. Surprisingly, SQSTM1 was also upregulated along 
with MAP1LC3B2 (Figure 2D).

For further verification, protein analysis was performed. 
The results indicated a dose-dependent increase in the LC3-II 
and SQSTM1, whose effects were consistent with the effect of 
autophagic flux inhibitor bafilomycin A1 (Baf-A1) 
(Figure 2E–G, S2). Furthermore, we found a significant 

increase in LC3 (Figure 2H,I). The result of LC3-II accumula-
tion may represent autophagy induction at the early stage or 
autophagy inhibition at the late stage [16].

For further clarification, HaCaT cells were transfected with 
RFP (red fluorescent protein)-GFP (green fluorescent protein)- 
LC3 lentivirus to label autophagosomes with RFP and GFP 
fluorescence (yellow fluorescence) while labeling autolysosomes 
with only RFP fluorescence [16]. Upon ZA treatment, yellow 
fluorescence puncta were significantly increased compared with 
the control group (Figure 2J,K), which suggested that autopha-
gosome accumulation was due to the inhibition of degradation 
instead of the induction of generation.

Increased apoptosis correlates with the accumulation of 
LC3 in MRONJ samples

Considering the critical role of autophagy in the whole life of 
cells, we evaluated whether the abnormal autophagic flux affects 
the biological process. mRNA-sequencing studies in gingival 
epithelium from healthy controls and patients with MRONJ 
were conducted to clarify the correlation between impaired 
autophagic flux and MRONJ lesions. In each group, unsuper-
vised hierarchical clustering of the expression data distinguished 
MRONJ from healthy controls, with minor overlap (Figure 3A). 
A total of 337 upregulated and 533 downregulated genes were 
identified based on an analysis of RNA transcriptomes 
(Figure 3B). Gene ontology (GO) analysis revealed that the 
upregulated gingival epithelium mRNAs were enriched for bio-
logical processes, such as response to variable stimulus, pro-
grammed cell death, and apoptotic process (Figure 3C). As 
autophagy belongs to programmed cell death, the expression of 
autophagy-related genes was analyzed. Consistently, the key 
genes mediating autophagosome biogenesis, including ATG4B 
(autophagy related 4B cysteine peptidase), ATG7 (autophagy 
related 7), SQSTM1, and MAP1LC3B2, were upregulated com-
pared with those in healthy controls (Figure 3D). Furthermore, 
enrichment of apoptotic genes was found, including increased 
expression of BAX (an apoptotic activator) and CASP3 (an 
apoptotic effector) and decreased expression of BCL2 (an anti-
apoptotic gene), as shown in Figure 3E.

Next, immunofluorescence and western blot were conducted 
on the gingival epithelium to verify whether apoptosis partici-
pates in the development of MRONJ. Consistent with the RNA- 
seq result, the TUNEL assay in MRONJ gingiva revealed more 
apoptotic cells than in healthy samples (Figure 3F,G). The ana-
lysis of apoptosis by western blot showed upregulation of 
cleaved-CASP3, CASP8 (Figure 3H–J), and pro-apoptotic pro-
tein BAX (BCL2 associated X, apoptosis regulator) (Fig. S3). 
Importantly, the cleaved-CASP3 in MRONJ gingiva was signifi-
cantly increased and colocalized with LC3 (Figures 3K,L). Thus, 
we concluded that increased apoptosis correlates with the accu-
mulation of autophagosomes and may have an important role in 
the onset of MRONJ.

Zoledronate induces apoptosis at high concentration

To further verify whether ZA could induce apoptosis, we 
detected apoptotic markers at different ZA concentrations 
in vitro. No upregulation of apoptotic protein pro-CASP3
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was observed, while the expression of pro-apoptotic protein 
cleaved-CASP3 significantly increased at 25 μM (cells treated 
at 50 μM ZA resulted in cytotoxic effect). The pro-apoptotic 
effects of ZA were characterized by significant downregula-
tion of the mitochondrial anti-apoptotic protein (BCL2) ratio 

to pro-apoptotic protein (BAX). Furthermore, the expression 
of cleaved PARP (poly(ADP-ribose) polymerase) was exten-
sively upregulated at 25 μM (Figures 4A,B). Therefore, a ZA 
concentration of 25 μM was selected for the subsequent cel-
lular experiments.

Figure 1. Gingival autophagic flux is impaired in MRONJ. (A) Representative images of H&E staining and morphology of autophagic vacuoles of gingival epithelium 
from a healthy control group and MRONJ group. SC:stratum corneum; GL: granular layer; SL: spinous layer; BL: basal layer. The arrows indicate autophagic vacuoles. 
N: nucleus. (B) the number of autophagic vacuoles per field (n = 4 individuals for each group). (C) Representative immunofluorescence images of gingival epithelium 
co-stained with LC3, SQSTM1, and DAPI (yellow indicates LC3 and SQSTM1 colocalized). Scale bar: 75 μm. (D) the mean intensity for LC3 staining (n = 4 individuals for 
each group). (E) Colocalization of LC3 and SQSTM1. (F-H) Western blot and quantitative analysis of LC3 and SQSTM1 of gingival epithelial tissue in each group 
(n = 4 individuals for each group). All data are displayed as mean ± SEM. *p < .05; **p < .01; ***p < .005; ****p < .0001.
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Figure 2. Impaired autophagic flux by zoledronate is concentration dependent in vitro. (A and B) HaCaT cells were treated with different concentrations of ZA from 0 
to 50 μM. Quantification of cell number per field in different concentrations of ZA is also shown. (C) Effect of ZA on cytotoxicity of HaCaT cells by CCK-8 kit. 
(D) Autophagy-related genes in HaCaT cells treated with ZA by qPCR. * p < .05; ** p < .01vs. untreated HaCaT cells. (E-G) Western blot and quantitative analysis of the 
expression of LC3 and SQSTM1 in HaCaT cells after ZA treatment for 48 h. (H) Representative images of LC3 immunostaining in HaCaT cells (control group) and HaCaT 
cells treated with 25 μM ZA (ZA group). (I) Quantification of the area of LC3 puncta/cells. (J) Representative images of control and ZA-treated HaCaT cells expressing 
RFP-GFP-LC3. Yellow indicates autophagosomes; RFP (red) indicates autolysosomes in cells. (K) LC3 puncta representing autophagosomes (yellow) and autolysosomes 
(red) in cells were quantified. All data are displayed as mean ± SEM (n = 3). *p < .05; **p < .01; ****p < .0001.
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Figure 3. mRNA sequencing profiling identified the relative autophagy-related genes and indicated the activation of apoptosis. (A) Clustering analysis of differentially 
expressed mRNA from the healthy control group (sample 1–3) and MRONJ group (sample 4–6). (B) Volcano plot of differentially expressed mRNA. Green and red 
represent downregulated and upregulated expression, respectively. (C) GO enrichment analysis identified “upregulation of programmed cell death and apoptotic 
process” as one of the most marked associated biological processes in the MRONJ group. The FPKM values analysis of the autophagic genes (D) and apoptotic genes 
(E). (F) Apoptosis of gingival tissue was assayed with TUNEL staining. Scale bar: 100 μm. (G) the quantitative analysis of apoptotic cells. (H-J) Western blot and 
quantification of protein levels with indicated antibodies of gingival epithelial tissue in each group. (K and L) Representative immunofluorescence images of gingival 
epithelium co-stained with LC3, cleaved-CASP3, and DAPI. (yellow indicates LC3 and cleaved-CASP3 colocalized). Scale bar: 75 μm. The mean intensity for cleaved- 
CASP3 staining was analyzed. (n = 4 individuals for each group). *p < .05; **p < .01; ****p < .0001.
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Next, cleaved-CASP3 immunofluorescence staining was 
performed to detect the apoptosis in ZA-treated HaCaT 
cells. Cleaved-CASP3 was found to be upregulated in the 
ZA-treated group (Figures 4C,D). Moreover, ANXA5/ 

annexin V-FITC/7-AAD staining, a more sensitive method 
for detecting apoptosis, was used to determine the effect of 
ZA on HaCaT cells. After 48 h of treatment, 32.60% of 
apoptotic cells (early apoptosis plus late apoptosis) were

Figure 4. Zoledronate induces apoptosis at a high concentration. (A) HaCaT cells were treated with various concentrations of ZA for 48 h. BAX, BCL2, PARP, CASP3, 
and cleaved-CASP3 were assessed by western blot. (B) Quantitative analysis of the expression of BAX, BCL2, PARP, CASP3, and cleaved-CASP3. (C) Representative 
images of cleaved-CASP3 and DAPI immunostaining in control and ZA groups. (D) the mean intensity for cleaved-CASP3 staining was analyzed. All data are displayed 
as mean ± SEM (n = 3). (E) Apoptosis was determined by flow cytometric analysis in the control and ZA group. *p < .05; **p < .01.
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detected in ZA-treated cells, while only 12.51% was 
detected in control cells (Figure 4E). Altogether, ZA can 
induce HaCaT cell apoptosis at high concentrations, which 
may correlate to the development of MRONJ.

The RAB7 activator ML098 alleviates autophagy 
deficiency and apoptosis in MRONJ

To further explore the specific mechanism of failure in the 
maturation of autophagosomes, we explored the fusion pro-
cess between autophagosomes and lysosomes. Previous stu-
dies have demonstrated that RAB7, a small GTP binding 
protein, participates in the lysosome biogenesis, late endoso-
mal-lysosome fusion, and autophagosome maturation [18]. 
Therefore, the RAB7 activator ML098 was applied to deter-
mine its role in ZA-treated epithelial cells. As shown in 
Figure 5A,B, the level of both LC3-II and SQSTM1 were 
gradually decreased by ML098 in a dose-dependent manner 
compared to ZA-treated HaCaT cells. Also, the apoptotic 
marker cleaved-CASP3 showed similar changes. Yet, no sig-
nificance of BCL2:BAX was observed, while the level of 
cleaved PARP was obviously downregulated and was similar 
to that of the untreated group at the concentration of 5 μM 
(Figure 5A,B). Thus, an ML098 concentration of 5 μM was 
determined for the following cellular experiments.

As shown in Figure 5C,D, immunostaining further demon-
strated significant decreases of yellow fluorescence puncta in 
HaCaT cells transfected with RFP-GFP-LC3 lentivirus when 
ML098 was added (colocalization rates: ctrl, 65.91%±10.31% 
vs. ZA, 81.85%±4.64% vs. ML098, 55.86%±8.07%). Moreover, 
there were more apoptotic cells in the ZA-treated group 
(48.62%±3.96%) compared with the untreated group (4.20% 
±2.45%), while ML098 alleviated the number of apoptotic 
cells (13.78%±1.53%) (Figure 5E,E).

ML098 rescues the gingival epithelial lesion of MRONJ by 
activating autophagic flux

To verify whether ML098 could prevent the occurrence of 
MRONJ, we further applied ML098 in the MRONJ animal 
model. First, we induced an MRONJ animal model, as pre-
viously described [19]. A schematic diagram of inducing the 
animal model is shown in Fig. S4A. One week after tooth 
extraction, the MRONJ group showed incomplete mucosal 
healing and a lack of epithelial coverage at the alveolar socket 
(Fig. S4B). Micro-CT (computed tomography) analysis 
further displayed that bone regeneration was significantly 
impaired in the MRONJ group compared to the control 
group (Fig. S4B-D). As expected, the immunostaining of 
LC3 and SQSTM1 further demonstrated that the late stage 
of autophagy was blocked (Fig. S4E and S4F).

When the administration of ML098 was at the dosage of 1  
mg/kg (n = 6/group), the clinical examinations showed fully 
gingival closure (Figure 6A); yet, at the dosage of 10 mg/kg, 
delayed gingival closure was observed (Fig. S5). H&E and 
Masson’s staining further verified that the low dose of 
ML098 could promote gingival healing in MRONJ animals 
(Figure 6B,C). Additionally, the micro-CT analysis revealed 
more new bone regeneration at the alveolar sockets after the 

administration of ML098 (Figure 6D). More importantly, the 
expression of both LC3 and SQSTM1 declined in the ML098- 
treated group; the levels were close to the sham group 
(Figure 6E,F). In addition, the ML098-treated group showed 
fewer apoptotic cells than the MRONJ group (Figure 6G,H), 
which was consistent with our in vitro results. In conclusion, 
these data suggest that a low dose of RAB7 activator ML098 
can induce autophagic flux and rescue the gingival epithelial 
lesion of MRONJ.

Discussion

In the present study, we found that impaired autophagic flux 
associated with apoptotic upregulation in the gingival epithe-
lium was a putative pathogenesis process involved in the 
development of MRONJ. In addition, our data suggested 
that RAB7 activator ML098 could effectively rescue the devel-
opment of MRONJ. The RAB family is the largest part of the 
RAS-like small GTPase superfamily associated with vesicular 
trafficking function [20]. Activated GTP-RAB7 has the ability 
to control several autophagic biological process, such as auto-
phagosome formation, transportation and maturation, as well 
as lysosome biogenesis [21,22]. To sum up, our results indi-
cated that the RAB7 activator ML098 might be a good candi-
date for preventing the onset of MRONJ.

As known, autophagy has the capacity of resisting starva-
tion, maintaining cellular homeostasis, and recycling damaged 
cellular organelles and proteins [23–25]. Suppressive or exces-
sive autophagy could induce abnormal conditions by interact-
ing with apoptosis, inflammation, and immunity [26–28]. 
Autophagy flux was reported to be impaired in the liver 
during the development of nonalcoholic fatty liver disease, 
which could have resulted from increased endoplasmic reti-
culum stress, leading to apoptosis [29]. In the present study, 
although the autophagic structures were increased, the level of 
SQSTM1 protein, another commonly used autophagy marker, 
was upregulated and highly colocalized with LC3 in MRONJ 
gingival epithelium, indicating the aggregation of the auto-
phagosome. Notably, autophagy is a highly dynamic process 
comprising three stages, i.e., autophagosome formation, 
a fusion of autophagosomes with lysosomes, and degradation 
[30]. Therefore, autophagosome aggregation may be the result 
of an activation of autophagosome formation or a blockage of 
late stages in autophagy, similar to fusion blockage or lyso-
some dysfunction [31]. In the present study, impaired auto-
phagy flux occurred due to the aberrant degradation of 
autophagosomes.

The relationship between autophagy and apoptosis in dis-
ease is a hot topic; yet, this process is still not fully under-
stood. While some studies reported that autophagy was 
negatively correlated with apoptosis [32–34], there is increas-
ing evidence that these two are actually positively correlated 
[35–37]. In the present study, apoptosis was obviously ele-
vated in MRONJ gingival epithelium and ZA-treated cells. 
Two autophagic proteins (SQSTM1 and BECN1/Beclin1) 
have been linked to autophagy and apoptosis [38,39]. 
SQSTM1 is a key autophagosome cargo protein responsible 
for selective autophagy that can interact directly with several 
apoptotic pathway proteins, including CASP8, TRAF6 (TNF
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Figure 5. The RAB7 activator ML098 alleviates autophagy deficiency and apoptosis in vitro. (A and B) Western blot analysis of LC3, SQSTM1, PARP, CASP3, and 
cleaved-CASP3, BAX, and BCL2 in HaCaT cells after ZA treatment for 48 h and different concentrations of ML098 treatment for 24 h. (C) Representative images of 
control, ZA-treated, and ML098-treated HaCaT cells expressing RFP-GFP-LC3. Yellow indicates autophagosomes; RFP (red) indicates autolysosomes in cells. (D) the 
colocalization of RFP and GFP was analyzed. (E and F) Apoptosis was determined by TUNEL staining and analyzed in the control group, ZA group, and ML098 group. 
All data are displayed as mean ± SEM (n = 3). *p < .05; **p < .01; ***p < .005; ****p < .0001.
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Figure 6. The RAB7 activator ML098 can rescue the gingival epithelial lesion of MRONJ by activating autophagic flux. (A-D) Amelioration of MRONJ-like lesion 
formation by RAB7 activator ML098 intraperitoneal (i.P.) administration (n = 6 per group). SM: Second molar. (E) Representative immunofluorescence images of 
gingiva co-stained with antibodies against LC3 and SQSTM1. (F) the integrated fluorescent intensity for LC3 staining was analyzed. (G) Apoptosis of gingival tissue 
was assayed with TUNEL staining. Scale bar: 100 μm. (H) the quantitative analysis of apoptotic cells. All data are displayed as mean ± SEM. **p < .01; ***p < .005.
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receptor associated factor 6), and MAPK1/ERK2 (mitogen- 
activated protein kinase 1) [38]. In the present study, 
SQSTM1 and CASP8 were elevated in the MRONJ epithe-
lium. However, SQSTM1 is crucial for the activation of 
CASP8, and conversely, CASP8 can cleave SQSTM1 during 
apoptosis. Therefore, the exact mechanism between autopha-
gy disorder and apoptosis in MRONJ gingival pathogenesis 
remains to be determined.

A previous study showed that autophagy integrity is 
indispensable for epidermal development and differentia-
tion, which may contribute to the pathogenesis of psoriasis 
if impaired [8]. Furthermore, keratinocyte autophagy can 
activate keratinocytes and fibroblasts and facilitate wound 
healing [9]. According to the clinical samples of healthy 
individuals, autophagy was diffusely expressed in every 
layer of gingival epithelium rather than the lamina propria. 
As the keratinocyte HaCaT cell line is a common cell 
model used to study the pathogenesis of various oral dis-
eases [40–43], we used HaCaT cells for the in vitro experi-
ments. However, reduced autophagic flux and increased 
apoptosis were detected in the gingival epithelium of 
patients with MRONJ. In addition, sufficient apoptosis 
was necessary to sustain inflammatory response in wound 
healing, while excessive apoptosis could have deleterious 
effects on structure restoration and expose the wound to 
infection [44]. Thus, the retarded gingival healing of 
MRONJ may be the result of the loss of the protective 
function of autophagy and apoptosis for wound healing. 
Figure 4A,B indicated that zoledronic acid (ZA) not only 
induced the upregulation of cleaved-CASP3 and cleaved 
PARP, but also the downregulation of the ratio of mito-
chondrial anti-apoptotic protein (BCL2) to pro-apoptotic 
protein (BAX) in a dose-dependent manner. These results 
suggested that ZA exhibits its apoptotic effect through the 
CASP3-mediated mechanism in HaCaT cells. Nevertheless, 
as shown in Figure 5A,B the downregulated expression of 
BCL2:BAX was not rescued by ML098, which indicated 
ML098 reduced cellular apoptosis in a CASP3-mediated 
cleavage of PARP and CASP3 proteins when HaCaT cells 
treated with ZA.

In conclusion, our study revealed that autophagic flux is 
impaired, which may associate with apoptosis in the gingival 
epithelium of MRONJ. External administration of the RAB7 
activator can rescue these abnormal processes. Therefore, this 
study provides insights into the pathogenesis of MRONJ, and 
RAB7 activator ML098 May be a promising method to pre-
vent the onset of MRONJ.

Materials and Methods

Patients

Four patients diagnosed with MRONJ [2] were included in 
the present study. Detailed clinical information is shown in 
Table S1. Patients’ gingival epithelium, which was the stan-
dard debridement boundary [2], was harvested during sur-
geries at Peking University School and Hospital of 
Stomatology. In addition, four healthy donors who had 
underwent cyst curettage or impacted tooth extraction were 

included as a control. None of these individuals had tumor 
metastases nor received radiotherapy. All procedures were 
approved by the Ethics Committee of the Peking University 
Health Science Center (PKUSSIRB-202170184).

MRONJ mouse model

Six-week-old male C57BL/6N mice were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd 
and housed under specific pathogen-free conditions. All ani-
mal studies were conducted in accordance with the regula-
tions and guidelines of the Ethics Committee of Peking 
University Health Science Center (LA2022414). Periodontitis 
was induced with a ligature placed on the first maxillary 
molar using a 5–0 suture. Next, mice were divided into two 
groups (six mice per group): the MRONJ group and Control 
group. MRONJ group was administered with ZA (zoledro-
nate, 1 mg/kg; Sigma-Aldrich, SML0223) once a day in 
MRONJ group, while the control mice were injected with 
the same volume of physiological saline. Two weeks after i.p. 
injection, maxillary first molars were extracted. One week 
after tooth extraction, maxillae were harvested and fixed in 
4% paraformaldehyde.

In the later rescue experiments, RAB7 activator ML098 (1  
mg/kg, 3 mg/kg, and 10 mg/kg; Med Chem Express, HY- 
19800) or DMSO (Sigma-Aldrich, 34869) were i.p. injected 
for further analysis.

Transmission electron microscopy (TEM) in gingival 
samples

The clinical gingiva biopsies were dissected and immediately 
fixed in 2.5% glutaraldehyde 2 h at 4°C and then rinsed in 
0.18 M sucrose (Sigma-Aldrich, 573113) solution for 1 h. The 
samples were postfixed in 1% osmium tetroxide (Sigma- 
Aldrich, 1.24505) for 60 min at 4°C, dehydrated in concen-
trated acetone (50%, 70%, 90%, and 100%) for 15 min, and 
embedded (Leica; EM UC7, Austria). Ultra-thin sections were 
examined under the transmission electron microscope (Leica; 
JEM1400).

Culture of HaCaT cells and transfection

HaCaT cells were obtained from the central laboratory of 
Peking University School and Hospital of Stomatology. Cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, 11995065) supplemented with 10% FBS 
(Sigma-Aldrich, F8687) and antibiotics – antimycotics 
(Gibco, 15240062) at 37°C in a humidified atmosphere with 
5% CO2 for 24 h.

Cells were divided into three groups: the ZA group, the 
Control group and the Baf-A1 group: ZA group received 
different concentrations of ZA (0, 1, 5, 10, 25, and 50 μM) 
for 48 h to detect the effect of ZA on HaCaT cells; the Control 
group was treated with the same volume of physiological 
saline. the Baf-A1 group was treated with 100 nM bafilomycin 
A1 (Selleck, S1413) for 16 h.

The HaCaT cells were infected with RFP-GFP-LC3 
retrovirus (GENE[Shanghai], GCD0292404; RFP-GFP-LC3
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IRES-Puromycin) at an MOI of 20. Twelve hours after trans-
fection, the transfection medium was replaced with 
a complete medium. After 72 h, the cells were treated with 
2 μg/mL puromycin (Selleck, S7417) for three days to purify 
the infected cells. Then, the infected cells were treated with 
ZA and viewed by fluorescence microscopy. In the later rescue 
experiments, RAB7 activator ML098 (0, 0.1, 0.5, 1 and 5 μM) 
or DMSO were added together with ZA for further analysis.

Cytotoxicity assay

HaCaT cells were cultured in 96 well plates and treated with 
ZA from 0–50 μM for 48 h. At each time point, sterile Cell 
Counting Kit-8 (CCK-8; DOJINDO, CK04) (5 mg/mL) was 
added to each well and incubated for another 2 h at 37°C. The 
absorbance at 450 nm was determined using a microplate 
reader (Thermo Fisher Scientiific, USA).

Immunofluorescence staining

The clinical gingiva biopsies were dissected and fixed in 4% 
formaldehyde overnight and then dehydrated and embedded 
in paraffin. Embedded biopsy sections (4 μm) were deparaffi-
nized and rehydrated, and antigen retrieval was performed by 
heating for 20 min in a microwave. After blocking with goat 
serum (ZSGB-BIO, ZLI-9022), samples were incubated with 
primary antibodies (1:200 dilution) at 4°C overnight and then 
with secondary antibodies (1:200 dilution) at room temperature 
for 1 h. Next, the samples were incubated with other primary 
antibodies at 4°C overnight and secondary antibodies at room 
temperature for 1 h. Nuclei were then counterstained with DAPI 
(ZSGB-BIO, ZLI-9557) before imaging. The following primary 
antibodies were used: LC3 (Abcam, ab48394), SQSTM1/p62 
(Cell Signaling Technology, 5114), and cleaved-CASP3 (Cell 
Signaling Technology, 9664). The following secondary antibo-
dies were used: Alexa Fluor 488 (Abcam, ab150077) and 
Rhodamine-conjugated antibody (ZSGB-BIO, ZF-0317). After 
co-immunostaining, images were taken using an LSM710 con-
focal microscope (Leica, TCS-SP8 STED 3X, Germany).

HaCaT cells were seeded on coverslips and treated with ZA 
for 24 h. After being washed with PBS (ZSGB-BIO, ZLI-9062), 
the coverslips were immediately fixed with 4% paraformalde-
hyde for 20 min and then blocked with goat serum. The 
primary antibodies were incubated at 4°C overnight and 
then with secondary antibodies at room temperature for 1 h, 
followed by DAPI counterstaining.

For TUNEL staining, the sections from human and mouse 
samples were stained with In Situ Cell Death Detection Kit 
(Roche, 11684795910) following the manufacture’s 
instruction.

For RFP-GFP-LC3 observation, the transfected cells were 
seeded on coverslips. After treatment, the cells were immedi-
ately fixed with 4% paraformaldehyde for 20 min following 
counterstaining with DAPI. Images were also acquired using 
the confocal microscope. For quantitative analysis, the num-
ber of LC3 puncta/cells and the ratio of autolysosomes (red 
fluorescence) versus autophagosomes (yellow fluorescence) 
were quantified by Image-Pro Plus software (Version 6.0, 
Media Cybernetics, USA).

Western blot

Whole-cell extracts and human gingival epithelium specimens 
were collected using RIPA lysis buffer (Solarbio, R0010) con-
taining proteinase inhibitors (huaxingbio, HX1863) and cen-
trifuged at 14,000× g for 20 min at 4°C. Thirty micrograms of 
protein samples were loaded and separated by 10% SDS- 
PAGE. After blocking with 1% bovine serum albumin (Sigma- 
Aldrich, A3294), samples were incubated with primary anti-
bodies (1:1,000 dilution) at 4°C overnight. The following 
primary antibodies were used: LC3 (Abcam, ab48394), 
SQSTM1/p62 (Cell Signaling Technology, 5114), BAX (Cell 
Signaling Technology, 14796), CASP3 (Cell Signaling 
Technology, 9662), cleaved-CASP3 (Cell Signaling 
Technology, 9664), cleaved-PARP (Cell Signaling 
Technology, 5625) and CASP8 (Cell Signaling Technology, 
9746). Membranes were then incubated with secondary anti-
bodies (ZSGB-BIO, ZB-2301) and visualized on an electro- 
chemiluminescent detection system.

Apoptotic analysis

For apoptotic detection, FITC ANXA5/annexin V Apoptosis 
Detection Kit with 7-AAD (Biolegend, 640922) was used in 
accordance with the manufacturer’s instructions. HaCaT cells 
were seeded in six-well plates for 12 h and incubated with 25  
μM ZA for 48 h. The cells were collected and resuspended 
cells in ANXA5/annexin V binding buffer at a concentration 
of 1 × 107 cells/mL. Then, 100 μL of cell suspension was 
transferred in a 5-mL test tube. Next, 5 μL of ANXA5/annexin 
V-FITC and 5 μL 7-AAD were added. Incubation was then 
conducted at room temperature for 20 min in the dark, and 
400 μL of ANXA5/annexin V binding buffer was transferred 
to each tube. Finally, the results were analyzed by flow 
cytometry.

RNA isolation and quantitative real-time polymerase 
chain reaction (Qrt-PCR)

Whole-cell extracts and human gingival epithelium specimens 
were isolated using TRIzol reagent (Invitrogen, 15596). Total 
RNA concentrations were measured using the NanoDrop 
8000 Spectrophotometer (Thermo Scientific). 
Complementary DNAs were harvested using the Go Script 
Reverse Transcription System (Promega, A5003). qRT-PCR 
was performed with the ABI Prism 7500. The primer 
sequences used in this study are listed in Table S2.

mRNA-Seq microarray

RNA high-throughput sequencing was conducted by Cloud- 
Seq Biotech (Shanghai, China). Briefly, NEBNext rRNA 
Depletion Kit (New England Biolabs, Inc., E6350) was used 
to remove the rRNAs in each group (n = 3) following the 
manufacturer’s instructions. RNA libraries were constructed 
using NEBNext Ultra™ II Directional RNA Library Prep Kit 
(New England Biolabs, Inc., E7765) according to the manu-
facturer’s instructions. Libraries were controlled for quality 
and quantified using the BioAnalyzer 2100 system (Agilent
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Technologies, Inc., USA). Consequently, library sequencing 
was performed on an Illumina NovaSeq 6000 instrument 
with 150 bp paired-end reads. Paired-end reads were har-
vested from Illumina NovaSeq 6000 sequencer and quality 
controlled by Q30. After 3′ adaptor trimming and removal 
of low-quality reads by cutadapt software (v1.9.3), the high- 
quality clean reads were aligned to the reference genome 
(UCSC hg19) with hisat2 software (v2.0.4). Then, guided by 
the Ensembl gtf gene annotation file, cuffdiff software (part of 
cufflinks) was used to get the gene level FPKM as the expres-
sion profiles of mRNA. Fold change and p-value were calcu-
lated based on the basis of FPKM, and differentially expressed 
mRNA was identified. GO and pathway enrichment analysis 
were performed based on differentially expressed mRNAs.

Micro-CT scanning evaluation

Two weeks after tooth extraction, maxillae were harvested and 
fixed in 4% paraformaldehyde for 24 h at room temperature. 
The maxillae were examined by the micro-CT scanner 
(Siemens, Inveon MM Gantry-STD 3121, Germany). The 
parameters were as belows: the X-ray tube voltage was 60 
kV, the current was 220 μA, the exposure time was 1.5 
s. Next, the images were analyzed using matched software 
(Siemens, COBRA, Germany).

Statistical analysis

Statistical analysis was performed using unpaired Student’s 
t-test and ANOVA on ABI Prism 7500. P-values less than 
0.05 were considered statistically significant.
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