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A B S T R A C T

Estrogen maintains osteocyte viability, whereas its deficiency induces osteocyte apoptosis. As autophagy is
important for osteocyte viability, we hypothesized whether the anti-apoptotic effect of estrogen is related to
autophagy in osteocytes. Thirty adult female rats were sham-operated (SHAM) or ovariectomized (OVX). After
three weeks, twelve rats of SHAM and OVX groups were killed before treatment (basal period), whereas the
remaining rats received estrogen (OVXE) or vehicle (OVX) for 45 days. Fragments of maxilla containing alveolar
process of the first molars were embedded in paraffin or Araldite. Paraffin-sections were stained with hema-
toxylin/eosin for histomorphometry, or subjected to the silver impregnation method for morphological analysis
of osteocyte cytoplasmic processes. Autophagy was analyzed by immunohistochemical detections of beclin-1,
MAP-LC3α and p62, whereas apoptosis was evaluated by immunohistochemical detections of cleaved caspase-3
and BAX, TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) method and by ultrastructural
analysis. Araldite-semithin sections were subjected to the Sudan-black method for detection of lipids. OVX-basal
group showed high frequency of caspase-3-, TUNEL- and p62-positive osteocytes accompanied with low fre-
quency of beclin-1- and MAP-LC3α-positive osteocytes. At 45 days, OVXE group exhibited higher number of
osteocytes, higher frequency of beclin-1- and MAP-LC3α-positive osteocytes, and lower frequency of caspase-3,
BAX-, TUNEL- and p62-positive osteocytes than OVX group. Significant reduction in bone area was observed in
the OVX compared to OVXE and SHAM groups. The highest frequency of Sudan-Black-positive osteocytes and
osteocytes with scarce cytoplasmic processes, or showing apoptotic features were mainly observed in OVX
groups. Our results indicate that estrogen deficiency decreases autophagy and increases apoptosis, whereas
estrogen replacement enhances osteocyte viability by inhibiting apoptosis and maintaining autophagy in al-
veolar process osteocytes. These results suggest that the anti-apoptotic effect of estrogen may be, at least in part,
related to autophagy regulation in osteocytes.

1. Introduction

Osteocytes, the most abundant bone cell type, play essential roles
for the maintenance of bone homeostasis by acting as mechanosensors
and orchestrators of the bone remodeling process [1–3]. As osteocytes
are long-living cells encased in mineralized bone matrix, they are lo-
cated in an environment more susceptible to hypoxia, nutrient depri-
vation and to the accumulation of oxidative stress [4]. In addition, in-
creasing number of studies has shown that autophagy plays essential
role for osteocyte survival [5–8].

Autophagy is a programmed cell survival mechanism whereby un-
necessary cellular components such as malfunctioning proteins and
organelles are targeted to the lysosomes for degradation. The molecules
resulting from this degradation are converted into substrates for energy
production when nutrients are limiting [9]. Basal autophagy occurs in
all cell types, but it can be induced by factors that cause cell stress
including nutrient deprivation, hypoxia and increased oxidative stress
[10,11]. The process of autophagy begins with the formation and nu-
cleation of the phagophore, a membrane that elongate engulfing non-
functional cytoplasmic material to form the autophagosomes [9].
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Beclin-1 and the microtubule-associated protein 1A/1B-light chain
(MAP LC3) are autophagic proteins essential for phagophore nucleation
and elongation, respectively [11].

There are three human genes that encode highly homologous MAP
LC3 proteins (MAP LC3α, MAP LC3β, and MAP LC3γ), two of which
(MAP LC3α and MAP LC3β) are conserved in rodents [12]. MAP LC3α,
MAP LC3β, and MAP LC3γ are either cytosolic (MAP LC3I) or mem-
brane associated (MAP LC3II) proteins. MAP LC3α and MAP LC3β are
essential for autophagosome formation; during phagophore elongation,
the cytosolic form of LC3 (MAP LC3-I) is conjugated to phosphatidy-
lethanolamine to form LC3-phosphatidylethanolamine conjugate (MAP
LC3-II), which is recruited to the autophagosomal membrane. Specific
malfunctioning proteins can also be selectively directed to autophago-
somes by the sequestosome 1 (SQSTM1), also known as p62 protein,
which binds to ubiquitinated non-functional proteins and targeting
them to autophagosomes for lysosome degradation. p62 is also de-
graded in this process, then acting as a specific autophagosome sub-
strate that indicates the levels of autophagic flux in cells [13].

In recent years, studies have shown that autophagy plays important
roles for the maintenance of bone homeostasis, and its dysregulation
has been related to bone loss and osteoporosis [18],14–17]. It has been
demonstrated that suppression of ATG7 (autophagy related 7), an es-
sential gene for autophagy, in mice osteocytes promotes a marked in-
crease in oxidative stress and bone loss [18]. Also, an age-related re-
duction in the autophagic flux in osteocytes was correlated to bone loss
and osteoporosis in senile rats [19]. More recently, it has been de-
monstrated that rapamycin, an inductor of autophagy, reduces the se-
verity of age-related trabecular bone loss by activating autophagy in
osteocytes of old male rats [20]. All these studies strongly indicate that
autophagy is essential for osteocyte viability and bone homeostasis.

On the other hand, estrogen plays essential role for the maintenance
of bone homeostasis by inhibiting both excessive bone resorption and
osteoblast/osteocyte apoptosis [21–23]. It has been shown that the pro-
survival effect of estrogen is in part related to autophagy levels in bone
cells [24,25]. Estrogen added to osteoblasts in culture induces autop-
hagy and reduces apoptosis, suggesting that this hormone increases
osteoblast survival by autophagy induction [24]. In tibias of ovar-
iectomized rats, estrogen deficiency increased oxidative stress, which
then induced autophagy in osteoblasts and osteocytes, whereas es-
trogen replacement counteracted these effects [25].

It has widely been demonstrated that estrogen deficiency induces
bone loss not only in the vertebrae and long bones, but in bone sur-
rounding teeth as well [26–29]. However, despite similarities, it is
known that long and jaw bones display different osteogenic and os-
teoclastogenic potentials, and can also respond differently to mechan-
ical loading, homeostatic regulatory signals and estrogen deficiency
[30–33]. Despite it has been reported that estrogen status regulates
bone cell autophagy in vitro and in long bones of OVX rats, its effects on
osteocyte autophagy in jaw bones is poorly understood.

Thus, in this study we hypothesized whether the protective effect of
estrogen is related to autophagy incidence in alveolar process osteo-
cytes, using ovariectomized rats as an estrogen-deficient in vivo model.

2. Material and methods

2.1. Animals and experimental protocol

Thirty female Wistar rats (Rattus norvegicus albinus) aged 4 months
were maintained in a room with controlled temperature (23 ± 2 °C)
and standard 12-h light/dark cycle, with food and water ad libitum. The
protocol of this study followed the national guidelines for laboratory
animal care and was approved by the Ethical Committee for Animal
Research of Federal University of São Paulo (UNIFESP/EPM).

After one week of adaptation period, the animals were anaes-
thetized with an intraperitoneal injection of 10% ketamine hydro-
chloride (0.08 mL/100 g b.w.) combined with 2% xylazine

hydrochloride (0.04 mL/100 g b.w.) and then SHAM-operated (SHAM)
or ovariectomized (OVX). Ovariectomy was followed by a resting
period of twenty-one days to ensure estrogen depletion and recovery
from surgery stress, as previously reported [29,34].

Twenty-one days after surgery, vaginal smears were obtained once a
day during five consecutive days in all animals; only the SHAM rats that
showed regular estrous cycle and the OVX rats that were in permanent
anestrous followed in the experiment. At this point, 6 SHAM and 6 OVX
rats were euthanized (as described below) and used as basal control
groups (basal period). The other animals received subcutaneous injec-
tions of estrogen (OVXE) (diethylstilbestrol, Sigma-Aldrich Co. LLC,
Brazil), dissolved in corn oil, at the dose of 30 μg/kg body weight [35],
or received only corn oil as vehicle solution (SHAM and OVX groups),
for 45 consecutive days (n=6 rats for each group). The analysis was
performed after 45 days to ensure significant bone loss in the alveolar
process in the OVX group, as previously described in this animal model
[30].

After treatment, the animals were anaesthetized as previously de-
scribed and blood samples (2mL each) were collected by cardiac
puncture (BD Vacutainer® Blood Collection Tubes, SST II Plus, BD
Biosciences). The blood samples were centrifuged and the serum stored
at -80 °C for serum estradiol measurement. The animals were eu-
thanized by whole body fixation via transcardial perfusion with saline
followed by a fixative solution of 4% formaldehyde (prepared from
paraformaldehyde) in 0.1 M sodium phosphate buffer solution, pH 7.2.
Subsequently, the fragments of maxilla containing alveolar process
surrounding the first molars were removed and immediately immersed
in the fixative solution.

2.2. Estradiol measurement

Serum estradiol concentration was measured by an electro-
chemiluminescence immunoassay using a calibrated automatic counter
(Cobas e601/Roche Diagnostic, Mannheim Germany). An estradiol kit
containing rabbit polyclonal biotinylated antibody specific for estradiol
detection in rats and humans (Roche Cobas Estradiol II assay/
03000079, Mannheim, Germany) was used. The linear range of the
assay was 5 pg/mL to 3000 pg/mL and the coefficient of variation intra-
assay was 3.3%. The samples were dosed in duplicate and values below
the limit of detection (< 5 pg/mL) were not detected by the assay. The
analyses were performed in the Central Laboratory of São Paulo
Hospital (HSP), SP, Brazil.

2.3. Histological processing

Fragments of the right maxilla were immersed for 48 h at room
temperature in 4% formaldehyde buffered pH 7.2 with 0.1M sodium
phosphate. After decalcification for 60 days in a solution of 7% EDTA
(ethylenediaminetetraacetic acid) that contained 0.5% formaldehyde in
0.1 M sodium phosphate buffer at pH 7.2, the fragments were dehy-
drated and embedded in paraffin. Sagittal sections (6 μm thick) were
stained with hematoxylin and eosin (HE), and bone area of the alveolar
process situated between the first molar roots was measured. The
number of osteocytes in the alveolar process was also estimated. Some
sections were subjected to the silver impregnation method for mor-
phological analysis of osteocyte cytoplasmic processes. Sections were
also adhered to silanized slides and subjected to TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end labeling) and im-
munohistochemical reactions.

2.4. Interradicular bone area

The bone area of the alveolar process situated between the first
molar roots was estimated using a software of image analysis
(Axionvision 4.2 REL, Carl Zeiss) coupled with a light microscope
(Axiolab 2.0, Carl Zeiss). At a magnification of ×40, two images/
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animal (with a minimum distance of 100 μm between sections) of the
alveolar process were captured. In each image, a standardized area of
approximately 1mm² was demarcated. Then, only bone tissue in this
area was delimited. The obtained data were then quantified and ex-
pressed as percentage/total area in each image. From the percentage of
bone area in each image, an average percentage for each animal and
then for each group was obtained. The abbreviations of the histomor-
phometrical parameters were based on the nomenclature standardized
by the American Society for Bone and Mineral Research [36].

2.5. Numerical density of osteocytes

Two non-serial HE-stained sections from each animal were used
and, in each section, five standardized fields were captured totaling ten
fields per animal. The images were captured using a camera (DP-71,
Olympus) attached to a light microscope (Olympus, BX-51) at ×40
magnification. Using an image analysis system (Image Pro-express 6.0,
Olympus), the number of osteocytes (N.Ot/mm²) in the alveolar process
located between the first molar roots was computed in a standardized
area (0.09 mm2).

2.6. Morphological analysis of osteocyte cytoplasmic processes by silver
impregnation

Sections were subjected to the Silver impregnation method to
identify osteocyte cytoplasmic processes, as previously described [37].
Briefly, deparaffinized and hydrated sections were immersed in milliQ
water for 10min. Subsequently, the sections were incubated in a 50%
aqueous silver nitrate solution containing 1% formic acid and 2% agar
solution, in a humidified chamber at 40 °C for 20min. After washing in
milliQ water for 10min, the sections were dehydrated and then
mounted in Canada balsam mounting medium (Synth, São Paulo,
Brazil).

2.7. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL
method) and frequency of TUNEL-positive osteocytes

Sections of the upper maxilla containing the alveolar process of the
first molars were subjected to the TUNEL method for detection of DNA
breaks [38]. The protocol of the TUNEL method was performed using
the Apop-Tag® Peroxidase In Situ Apoptosis Detection Kit (Millipore;
Temecula, CA, USA), as previously described [39]. The reaction was
revealed with 3,3-diaminobenzidine (DAB, DAKO Corporation, USA)
and the sections were counterstained with hematoxylin. Sections of
involuting mammary gland provided by the manufacturer of the kit
were used as positive control. As negative control, the sections con-
taining alveolar process were incubated in a Terminal deoxynucleotidyl
transferase (TdT) enzyme-free solution.

In each section, eight fields of the interradicular alveolar process
were captured using a camera (DP-71, Olympus) attached to a light
microscope (Olympus, BX-51), at ×100 magnification. Using an image
analysis system (Image Pro-express 6.0, Olympus), the total number of
osteocytes was computed in each standardized area. The number of
TUNEL-positive osteocytes was counted and the frequency (in percen-
tage) of TUNEL-positive osteocytes was obtained.

2.8. Immunohistochemical reactions and frequency of immunolabeled
osteocytes

Immunohistochemical reactions for detection of beclin-1, MAP
LC3α and p62, and for detection of cleaved caspase-3 and BAX were
carried out to evaluate autophagy [40] and apoptosis [39,41], respec-
tively.

Deparaffinized sections were immersed in 3% hydrogen peroxide
for 20min to block the endogenous peroxidase. For antigen retrieval,
the sections were immersed in 0.001M sodium citrate buffer pH 6.0

and maintained at 90–94 °C, in a vapor cooker, for 40min. After
cooling, the slides were washed in 50mM PBS at pH 7.2 and incubated
with 5% skimmed milk at room temperature. The sections were in-
cubated in a humidified chamber at 4 °C overnight with the following
primary antibodies: 1-) rabbit anti-cleaved caspase-3 polyclonal anti-
body (Millipore®, SP, Brasil), diluted 1:100; 2-), rabbit anti-BAX
monoclonal antibody (Spring, Bioscience, CA, USA), diluted 1:100; 3-),
rabbit anti-beclin-1 polyclonal antibody (Santa Cruz®, CA, USA), diluted
1:600; 4-), rabbit anti-MAP LC3α polyclonal antibody (Santa Cruz®, CA,
USA), diluted 1:200; 5-), or mouse anti-p62 monoclonal antibody
(Santa Cruz®, CA, USA), diluted 1:100. After washing in PBS, the im-
munoreactions were amplified using a Labeled Streptavidin-Biotin kit
(LSAB-plus kit; DAKO Corporation, USA). Peroxidase activity was re-
vealed by 3,3′-diaminobenzidine (DAB, DAKO Corporation, USA) and
the sections were counterstained with Carazzi’s hematoxylin. For ne-
gative controls, the step of incubation in primary antibodies was re-
placed by the incubation in non-immune serum (Sigma-Aldrich,
Germany).

Each immunohistochemical reaction was performed in two non-se-
rial sections, totaling twelve sections per group. In each section, eight
fields (standardized area) of the interradicular alveolar process of the
first molar were captured using a camera (DP-71, Olympus) attached to
a light microscope (Olympus, BX-51), at ×100 magnification. In each
standardized area of the interradicular alveolar process, the total
number of osteocytes and the number of immunolabeled osteocytes for
each immunoreaction was computed. Thus, the frequency was calcu-
lated by number of immunolabeled osteocytes in relation to the total
number of osteocytes in each standardized area of the alveolar process.
The frequency, expressed as percentage (%), of immunostained osteo-
cytes for each immunoreaction was then obtained.

2.9. Transmission electron microscopy (TEM)

Fragments of maxilla containing alveolar process of the first molars
were fixed for 16 h in a solution containing 4% glutaraldehyde and 4%
formaldehyde in 0.1M sodium cacodylate buffer, pH 7.2. After dec-
alcification in a solution of 7% EDTA in 0.1 M sodium cacodylate buffer
at pH 7.2, the fragments were immersed in cacodylate-buffered 1%
osmium tetroxide at pH 7.2 for 1 h. Subsequently, the fragments were
washed in distilled water and immersed in 2% aqueous uranyl acetate
for 2 h. After washing, the fragments were dehydrated in graded con-
centrations of ethanol, treated with propylene oxide and then em-
bedded in Araldite® (Electron Microscopy Sciences) [39].

Semithin sections stained by 1% methylene blue/azure II solution
were examined under a light microscope, and suitable regions were
carefully selected for trimming of the blocks. Ultrathin sections were
collected onto cooper grids and stained with alcoholic 2% uranyl
acetate and lead citrate, and examined in a transmission electron mi-
croscope (Tecnai G2 Spirit, FEI Company).

2.10. Sudan Black histochemistry for detection of lipid droplets

Four non-serial semithin sections of each specimen (three rats per
group, totaling 12 sections per group) were subjected to the Sudan
Black method for the lipid droplets detection in osteocytes [42]. Four
fields (standardized area) in each section (totaling 48 fields per group)
were captured by a camera (DP-71, Olympus) attached to a light mi-
croscope (Olympus, BX-51), at ×100 magnification.

Using an image analysis system (Image Pro-express 6.0, Olympus),
the total number of osteocytes and the number of osteocytes exhibiting
Sudan-positive inclusions in their cytoplasm was counted in each
standardized area of the interradicular alveolar process. The percentage
of osteocytes exhibiting Sudan Black-positive inclusions was calculated.
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2.11. Statistical analysis

Data were expressed as means ± standard deviation (SD). The
groups were compared using one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test to evaluate differences
among groups; tests for variance homogeneity and normal distribution
were also applied. A two-way analysis of variance, followed by the
Bonferroni post hoc test was performed to evaluate two variables (time
and treatment) between the SHAM and OVX groups, at both periods
analyzed (basal and 45 days). Statistical analyses were performed using
the GraphPad Prism 5 software (GraphPad Software, Inc., San Diego,
CA) and the significance level was established at p≤ .05.

3. Results

3.1. Estradiol serum levels

According to the Table 1, the serum levels of estradiol were sig-
nificantly higher (p < .05) in the SHAM and OVXE than in OVX group.
Moreover, the serum levels of estradiol in the OVX groups were below
the detection limit of the assay (Table 1).

3.2. Morphological and histomorphometrical findings

The alveolar process between the roots of first molars (Fig. 1A)
exhibited bone cavities filled with bone marrow (Fig. 1B). Osteocyte
profiles were frequently observed inside the lacunae in the alveolar
process (Fig. 1C–E). In the OVX group, osteocytes exhibited scarce cy-
toplasmic processes whereas in the SHAM and OVXE groups, numerous
cytoplasmic processes were observed in the osteocytes (Fig. 1F–H).

The quantitative analyses revealed significant reduction (p < .05)
of the interradicular bone area in the OVX group compared with the
SHAM and OVXE groups at 45 days (Fig. 1I). The number of osteocytes
was significantly lower (p < .05) in the OVX than the SHAM group in
the basal period. At 45 days, the number of osteocytes was significantly
higher (p < .05) in the OVXE than in OVX group, whereas significant
differences between OVXE and SHAM groups were not detected
(Fig. 1J).

3.3. Osteocyte cell death

In all groups, osteocytes exhibiting immunostained cytoplasm
(brown-yellow color) for BAX (Fig. 2A–C) and cleaved caspase-3
(Fig. 2E–G) were found in the bone of alveolar process. Some TUNEL-
positive osteocytes were also observed (Fig. 2I–K). In the sections used
as negative controls, no immunolabeled cells were found (Fig. 2D and
H). The mammary gland sections used as positive control showed nu-
merous TUNEL-positive cells (data not illustrated), while the sections
incubated in the TdT enzyme-free medium were negative (Fig. 2L).

The ultrastructural analysis of the alveolar process revealed osteo-
cytes with cytoplasmic processes extending from the osteocyte cell body
towards the bone canaliculi (Fig. 2M–O). Moreover, some osteocytes
exhibiting scarce cytoplasm with few organelles and showing con-
densed chromatin filling almost all nucleus were observed, mainly in
the OVX groups (Fig. 2N).

3.4. Frequency of BAX-, caspase-3-immunolabeled and TUNEL-positive
osteocytes

Significant differences in the frequency of BAX-positive osteocytes
were not detected between SHAM and OVX groups in the basal period.
After 45 days, the frequency of BAX-positive osteocytes was sig-
nificantly higher (p < .05) in the OVX group than in SHAM and OVXE
groups, whereas significant difference was not observed between OVXE
and SHAM groups (Fig. 2P).

A significant increase (p < .05) in the frequency of caspase-3-im-
munolabeled osteocytes was observed in the OVX compared to SHAM
group, in the basal period. At 45 days, the frequency of caspase-3-im-
munolabeled osteocytes was significantly lower (p < .05) in the OVXE
group than in OVX group. Significant differences were not detected
between OVXE and SHAM groups at 45 days. From basal period to 45
days, a significant increase (p < .05) in the frequency of im-
munolabeled osteocytes in the rats of OVX groups was found (Fig. 2Q).

According to the Fig. 2R, the quantitative analysis of TUNEL method
revealed a significant increase (p < .05) in the frequency of TUNEL-
positive osteocytes in the alveolar process of OVX group compared with
SHAM group, in the basal period and after 45 days. At 45 days, sig-
nificant differences were not observed between OVXE and SHAM
groups.

3.5. Autophagy mediators: frequency of beclin-1-, MAP LC3α- and p62-
immunolabeled osteocytes

In all the groups, the alveolar process showed numerous beclin-1-
immunolabeled osteocytes (around 70–90%) in the periods examined
(Fig. 3A–C). On the other hand, only few MAP LC3α- and p62-im-
munolabeled osteocytes were observed in the alveolar process
(Fig. 3D–I). In the sections used as negative controls, no immunolabeled
cells were found (3J-3L).

In the basal period, a significant reduction (p < .05) in the fre-
quency of immunolabeled osteocytes for beclin-1 and MAP LC3α was
observed in the OVX compared to SHAM group (Fig. 3M and N). At 45
days, the frequency of beclin-1- and MAP LC3α-immunolabeled osteo-
cytes was significantly lower (p < .05) in OVX group than in SHAM
and OVXE groups (Fig. 3M and N). In contrast, a significant increase
(p < .05) in the incidence of p62-immunolabeled osteocytes was ob-
served in the OVX than in OVXE and SHAM groups at 45 days. From
basal period to 45 days, a significant increase (p < .05) in the fre-
quency of p62-positive osteocytes (Fig. 3O) was detected in the OVX
group. Moreover, significant differences in the frequency of beclin-1-,
MAP LC3α- and p62-immunolabeled osteocytes were not observed be-
tween OVXE and SHAM groups at 45 days (Fig. 3M–O).

3.6. Lipid droplets in osteocytes

Semithin sections submitted to the Sudan Black B method showed
some Sudan Black-positive inclusions (lipid droplets) in the osteocytes
of all the groups (Fig. 4A–D). The quantitative analysis showed that the
OVX group presented a significant increase (p < .05) in the frequency
of osteocytes containing lipid droplets compared with SHAM group in
the basal period.

From basal period to 45 days, a significant increase (p < .05) in the
frequency of these osteocytes was observed in the SHAM and OVX
groups. At 45 days, the highest frequency of osteocytes with lipid
droplets was found in the OVX group; significant differences were not
observed between OVXE and SHAM groups (Fig. 4E).

The ultrastructural analysis revealed that these lipid droplets ex-
hibited variable shape and size and were present in the osteocytes of all
the groups (Fig. 4F–K). Some of these osteocytes showed nucleus with
irregular masses of condensed chromatin (Fig. 4G).

Table 1
Mean and standard deviation of the estradiol serum levels (pg/mL).

Time points SHAM OVX OVXE

Basal 21.02 ± 7.17 < 5
45 days 26.10 ± 21.26 < 5 701.70 ± 78.37*

* p < .05 (OVXE > SHAM). Serum levels below 5 pg/mL were not detected by the
assay.
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4. Discussion

Our results indicate an association between autophagy reduction
and apoptosis increase in alveolar process osteocytes of estrogen-defi-
cient rats. Conversely, estrogen replacement increased osteocyte via-
bility by inhibiting apoptosis and maintaining autophagy in these cells,
reinforcing the idea that autophagy exerts an important role in the
maintenance of osteocyte survival and that the anti-apoptotic effect of
estrogen is in part related to autophagy in alveolar process osteocytes.

Estrogen is a systemic hormone of crucial importance for bone re-
modeling homeostasis as estrogen deficiency is related to bone loss in
women at menopause [23] and in animal models [30,43–45]. This
hormone maintains bone homeostasis by inhibiting both excessive bone
resorption by osteoclasts and osteoblast/osteocyte apoptosis [21,23].

In the present study, a significant reduction in the number of os-
teocytes accompanied by high incidence of cleaved caspases-3- and
TUNEL-positive osteocytes was found in the alveolar process of rats

from OVX groups. Meanwhile, significant differences in these para-
meters were not verified between OVXE and SHAM groups. These data
reinforce the concept that estrogen depletion induces osteocytes
apoptosis and that estrogen exerts an important role in the osteocyte
survival [46–48]. The occurrence of apoptosis was confirmed by the
presence of osteocytes exhibiting masses of condensed chromatin, ty-
pical ultrastructural features of cell undergoing apoptosis, as shown in
several tissues [41,49,50]. In addition, the frequency of apoptotic os-
teocytes found in the SHAM group is similar to the average previously
described in physiological condition (1%–5%) [46,47,51–53].

It has been demonstrated that osteocyte apoptosis increases over the
first three weeks after the onset of estrogen depletion in long bone of
ovariectomized rodents [47,51]. Here, the significant increase in the
frequency of apoptotic osteocytes in the alveolar process of the OVX
group in the basal period indicates that systemic depletion of estrogen
induces osteocyte apoptosis at short time in alveolar process, as ob-
served in the long bone. On the other hand, the bone area of the

Fig. 1. A–H – Light micrographs of sections of
maxilla showing portions of the interradicular al-
veolar process of first molars from groups at 45 days.
In the A–E, the sections were stained with HE. A –
the alveolar process (AP) is present between the
roots (R) of the first molar. D, dentine; PL, period-
ontal ligament; DP, dental pulp. Bar: 300 μm. B -
high magnification of alveolar process (AP) of the A.
Numerous osteocytes (Ot) and some large cavities
filled with bone marrow (Ma) are observed. Bar:
65 μm. C–E – several osteocytes (Ot) inside the la-
cunae are observed. The F–H show portions of sec-
tions subjected to silver impregnation method.
Osteocytes of OVX group (G) exhibit scarce cyto-
plasmic processes (P) in comparison with the SHAM
(F) and OVXE (H) groups. Bars: 11 μm. I and J –
graphics showing the data (expressed as mean and
standard deviation) of the percentage of inter-
radicular bone area (I), and the number of osteocytes
(J) per mm2 of bone tissue. Asterisks indicate dif-
ferences statistically significant (p≤ 0.05).
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alveolar process was significantly lower in the OVX group at the 45
days, but not in the basal period. Indeed, in this animal model it has
been shown that significant ovariectomy-induced bone loss in jaw
bones only occur at least 9 weeks post-surgery [30].

In different animal models, there is evidence that osteocyte apop-
tosis triggers the release of cytokines which stimulate the migration,
differentiation and activity of osteoclasts and, consequently, bone re-
sorption [51,54–56]. Under estrogen deficiency condition, there is an
increase in osteocyte apoptosis with subsequent bone resorption by
osteoclasts [53] and bone loss [52]. We observed a significant increase
in the frequency of cleaved caspases-3-positive osteocytes in the OVX
group at 45 days, compared with the OVX group of the basal period.
This may explain, at least in part, the significant interradicular bone
loss observed in the OVX group at 45 days. Our data is also in ac-
cordance with the current concept that estrogen deficiency promotes
bone loss not only in the vertebrae and long bones, but in alveolar
process [27,28].

The osteocyte lacuno-canalicular system plays a key role not only

for the mechanosensitive function of osteocytes, but also for the supply
of oxygen and nutrients to these cells [57]. It has been suggested that
changes in the osteocyte communication may contribute to bone de-
gradation during osteoporosis and reduce osteocyte viability [58]. In
addition, a correlation between a reduction in osteocyte lacuno-cana-
licular system and an increase in the apoptosis of these cells under es-
trogen withdrawal has been observed [53]. In the alveolar process of
rats from OVX group, the evident reduction in the presence of cyto-
plasmic processes of osteocytes accompanied by high incidence of
apoptotic osteocytes support the concept that the interaction among
osteocytes, as well as between osteocytes and osteoblasts on the bone
surface is an important factor for the maintenance of osteocyte viability
[57,59].

The increase in the frequency of apoptotic osteocytes in the OVX
group was accompanied by a reduction in the frequency of beclin-1 and
MAP LC3α-immunolabeled osteocytes, as well as with an increase in
p62-positive osteocytes of OVX groups at 45 days. On the other hand,
the estrogen replacement increased MAP LC3α-positive osteocytes and

Fig. 2. A–L – Light micrographs of sections of max-
illa showing portions of the interradicular alveolar
process of first molars from groups at 45 days. A–G
show portions of sections subjected to im-
munohistochemistry for the detection of BAX (A–C)
or cleaved caspase-3 (E–G), and counterstained with
hematoxylin. BAX- and caspase-3-immunostained
osteocytes (brown-yellow color) are observed in all
groups. The insets of the outlined areas show evident
cytoplasmic immunolabeling in osteocytes (arrows).
Bars: 18 μm (2A-2C); 21 μm (2E-2G); 7 μm (insets).
I–K – sections subjected to the TUNEL method
(brown-yellow color) and counterstained with he-
matoxylin. Scarce TUNEL-positive osteocytes (ar-
rows) are observed in the SHAM and OVXE groups in
comparison with the OVX group. Bars: 17 μm (2I-
2K); 7 μm (insets). D,H and L – sections showing the
negative controls of BAX (D), caspase-3 (H) and
TUNEL (L) reactions. Note that no immunolabeled
osteocytes are observed. M–O – Electron micro-
graphs of portions of the alveolar process. Osteocytes
within lacunae (La) show irregular and thin cyto-
plasmic projections (P). In the OVX group (N), the
osteocyte exhibits a nucleus (N) which is almost
completely filled by condensed chromatin (asterisk).
N, nucleus; Ca, canaliculi. Bars: 1 μm. P–R – graphics
showing the frequency (expressed as mean and
standard deviation) of BAX- and caspase-3-im-
munolabeled osteocytes, and TUNEL-positive osteo-
cytes. Bars with asterisks indicate differences statis-
tically significant (p≤ .05).
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reduced p62 immunostaining in these cells. It is known that during
autophagosome formation the cytosolic form of MAP LC3-I is converted
to the phosphatidylethanolamine-conjugated form (MAP LC3-II), which
is recruited to the autophagosomal membrane and induces its elonga-
tion [13]. As p62 is a selective substrate of autophagosomes, and the
autophagic flux activation leads to a decline in p62 expression [13], our
findings strongly indicate that estrogen replacement promoted the
conversion of MAP LC3I to MAP LC3II, with subsequent autophago-
some formation and p62 degradation within lysosomes. In addition,
these findings indicate that osteocyte apoptosis induced by estrogen
depletion is associated, at least in part, to autophagy reduction in these
cells, and also suggest a complex crosstalk between autophagy and
apoptosis in osteocytes.

In fact, studies have indicated that there is an intricate interplay
between autophagy and apoptosis pathways, whereby proteins of the
apoptotic pathway participate in autophagy or vice versa. Under certain
conditions, autophagy activation inhibits apoptosis, whereas in others
apoptosis inhibits autophagy [60–63]. Indeed, it has been shown that
autophagy and apoptosis communication can occur by the interaction
between cleaved caspase-3 (apoptotic protein) and beclin-1 (autophagic

protein). In this case, active caspase-3 can cleave beclin-1, thus in-
hibiting its proautophagic activity. As a result of this cleavage, the C-
and N- terminal fragments of beclin-1 translocate to the mitochondria
and stimulate the mitochondrial mediated apoptosis [63]. In our study,
the reduction of beclin-1-immunolabeled in parallel with the increase of
cleaved caspase-3-immunolabeled osteocytes is in accordance with the
idea of beclin-1 cleavage by activated caspase-3 [64,65], which may be
responsible for the increased apoptosis and reduced autophagy after
OVX.

It has been reported that estrogen inhibits osteocytes apoptosis by
acting through the ERK1/2 (extracellular signal-regulated protein ki-
nases 1 and 2) by binding to its receptors on the cell surface [66]. ERK
is one of the survival pathways that activate autophagy [32], suggesting
that estrogen maintains bone cell viability by acting through autophagy
pathway. Accordingly, it has been shown that estrogen inhibits osteo-
blast apoptosis in vitro by increasing autophagy through the estrogen
receptor-ERK-mTOR pathway, whereby estrogen inhibits mTOR
(mammalian target of rapamycin) phosphorylation, causing its in-
activation and subsequent autophagy pathway activation in osteoblasts
[67]. In the present study, the accentuated incidence of beclin-1 and

Fig. 3. A–L – Light micrographs of sections of max-
illa showing portions of the interradicular alveolar
process of first molars from groups at 45 days. The
sections were subjected to immunohistochemistry for
the detection of beclin-1 (A–C), MAP LC3α (D–F)
and p62 (G–I) and counterstained with hematoxylin.
Note the higher frequency of beclin-1- and MAP
LC3α-immunolabeled osteocytes (arrows) in the
SHAM (A and D) and OVXE (C and F), compared
with the OVX group (B and E). G–I - osteocytes in-
side the lacunae exhibit p62-positive cytoplasm (ar-
rows). J–L – sections showing the negative controls
of beclin-1 (J), MAP LC3α (K) and p62 (L) im-
munohistochemical reactions and counterstained
with hematoxylin. Note that no immunolabeled os-
teocytes are observed. Bars: A–C: 18 μm; D–F: 21 μm;
G–I: 17 μm; insets: 7 μm. M–O – graphics showing
the frequency (expressed as mean and standard de-
viation) of beclin-1-, MAP LC3α- and p62-im-
munopositive osteocytes in the bone from alveolar
process. Bars and asterisks indicate differences sta-
tistically significant (p≤.05).
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MAP LC3α-immunolabeled osteocytes associated to the reduced
number of apoptotic osteocytes in the OVXE groups indicates that es-
trogen may maintain osteocyte viability by activating autophagic
pathways.

In contrast, estrogen deficiency and its replacement have been
shown to promote, respectively, autophagy increase and its reduction in
osteocytes of proximal tibias of ovariectomized rats [25]. According the
authors, estrogen deficiency seems increase oxidative stress, an autop-
hagy stimulating factor [11], in osteocytes, whereas estrogen replace-
ment could act as an antioxidant factor and thus counteracting this
effect [53]. However, it is important to mention that despite histolo-
gically similar to long bone, jaws display different responses to osteo-
genic, mechanical loading and homeostatic regulatory signals [30–33].
It is known that bone turnover is higher in jaw than in long bones [68].
In addition, it has been shown that jaw, vertebral and long bones re-
spond differently to estrogen deficiency in animal models [30]. The
different responses induced by hypoxia on distinct osteocyte population

of cortical bone were associated to the intrinsic capacity of these cells to
remove damaged mitochondria by autophagy (mitophagy) [69]. Taking
all these differences into account jaws and long bones may also present
different autophagy levels in response to estrogen status, which could
explain, at least in part, the differences of our results from previous
studies in long bone [25].

The Sudan Black-positive structures in the osteocytes indicate the
presence of lipid droplets [42]. Cytoplasmic storage of lipid droplets is
an important source of energy for cells when necessary [70]. However,
abnormal intracellular lipid storage can cause cell and tissue damage,
which is associated with several diseases [71]. In osteocytes, a strong
correlation between increased lipid storage and apoptosis has been
demonstrated in rat model of alcohol-induced osteopenia [72]. In the
present study, the accumulation of lipid droplets in osteocytes of es-
trogen deficient rats may be partially associated to osteocyte apoptosis.
This hypothesis is supported by the increased incidence of osteocytes
containing lipid droplets in parallel with the increased frequency of

Fig. 4. A–D – Light micrographs of semithin sections
of the interradicular alveolar process of first molars.
The sections were subjected to the Sudan Black
method and counterstained with methylene blue/
azure II solution. Sudan Black structures (arrows),
which indicate the presence of lipids, are observed in
the cytoplasm of osteocytes of the alveolar process of
all the groups. Scale bars: 18 μm and 7 μm (insets). E
- Graphic showing the frequency (expressed as mean
and standard deviation) of osteocytes containing
Sudan Black structures. Bars with asterisks indicate
differences statistically significant (p≤0.05). F–K –
Electron micrographs of portions of the alveolar
process. Osteocytes within lacunae (La) show lipid
droplets (L) in their cytoplasm. In G (OVXBL), note
that the osteocyte exhibits nucleus with condensed
chromatin (N). J and K, higher magnifications of
outlined areas in the H and I, respectively, show
homogeneous and electron-opaque aspect of the lipid
droplets. Scale bars: 1 μm (4F, 4G, 4H and 4I); 0.2 μm
(4J); 0.25 μm (4 K).
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caspase-3- and TUNEL-positive osteocytes. Moreover, some osteocytes
of alveolar process from OVX group containing lipid droplets exhibited
condensed chromatin, typical characteristic of apoptosis [41,49,50].

It is known that lipid droplets are degraded in autophagosomes, a
process called lipophagy [73]. The association between autophagy re-
duction and lipid droplets accumulation has been reported in different
cell types [74]. Therefore, the increase in the frequency of osteocytes
exhibiting lipid droplets in the OVX group may also be in part asso-
ciated with autophagy reduction, since the lower frequency of osteo-
cytes immunostained for autophagic markers was found in this group.
Conversely, the high frequency of osteocytes immunostained for the
autophagic markers was correlated with low number of osteocytes
containing lipid droplets in the estrogen treated group. To our knowl-
edge, this is the first evidence of a possible role of estrogen in osteocyte
lipophagy.

5. Conclusion

Taken together, our results indicate that estrogen deficiency de-
creases autophagy and increases apoptosis in alveolar process osteo-
cytes. On the other hand, estrogen replacement enhances osteocyte
viability by inhibiting apoptosis and maintaining autophagy in these
cells. These results reinforce the role of estrogen on the autophagy
process and suggest that the anti-apoptotic effects of estrogen may be,
at least in part, related to autophagy regulation in alveolar process
osteocytes. Future studies exploring the induction/inhibition of autop-
hagy genetically or pharmacologically will needed to be addressed in
post-menopausal animal models, in order to better understand the re-
lationship between the anti-apoptotic effects of estrogen and the au-
tophagy pathway in osteocytes. The complete elucidation of this re-
lationship could contribute to a better understanding of the molecular
and cellular mechanisms involved in post-menopausal osteoporosis and
to target new treatments.
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