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Abstract

Background

Chronic kidney disease (CKD) has been regarded as a grave public health problem. Estro-

gen is a critical factor for both renal protection and bone remodeling. Our previous study

demonstrated that CKD impairs the healing of titanium implants. The aim of this study was

to investigate the effects of estrogen deficiency on the mandibular bone in CKD mice.

Methods

Forty eleven-week-old female C57BL mice were used in this study. Uremia and estrogen

deficiency were induced by 5/6 nephrectomy and ovariectomy (OVX), respectively. After 8

weeks, the mice were sacrificed, and their mandibles were collected for micro-CT analysis

and histological examination.

Results

All the mice survived the experimental period. Serum measurements confirmed a significant

increase in BUN in the CKD group that was further increased by OVX. OVX led to significant

decreases in both the BV/TV and cortical thickness of the mandibular bone in CKD mice.

Conclusion

In summary, our findings indicate that estrogen deficiency leads to further mandibular bone

loss in CKD mice.

Introduction
Chronic kidney disease (CKD), which is a grave health problem, affects millions of individuals
worldwide [1–3]. Approximately 26.3 million Americans suffer from CKD [2], and the situa-
tion is similar in China. A recent survey found that 119.5 million Chinese have been diagnosed
with CKD [1].

PLOSONE | DOI:10.1371/journal.pone.0148804 February 17, 2016 1 / 11

OPEN ACCESS

Citation: Guo Y, Sun N, Duan X, Xu X, Zheng L,
Seriwatanachai D, et al. (2016) Estrogen Deficiency
Leads to Further Bone Loss in the Mandible of CKD
Mice. PLoS ONE 11(2): e0148804. doi:10.1371/
journal.pone.0148804

Editor: Luc Malaval, Université de Lyon—Université
Jean Monnet, FRANCE

Received: August 18, 2015

Accepted: January 22, 2016

Published: February 17, 2016

Copyright: © 2016 Guo et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and figures.

Funding: This work was supported by grants from
the National Natural Science Foundation of China
(NSFC 81371173, 81321002) (http://www.nsfc.gov.cn/
), 111 project of Ministry of Education of China, and
Sichuan Province Youth Fund (2013JQ0017). The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0148804&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nsfc.gov.cn/


CKD is caused by reduced kidney function, which disturbs normal physiological mecha-
nisms that regulate the blood levels of vitamin D, phosphate, calcium, parathyroid hormone
(PTH), and fibroblast growth factor 23 (FGF23). Thus, CKD patients are predicted to develop
impaired bone metabolism that leads to CKD mineral and bone disorder (CKD-MBD), which
is characterized by cortical loss and trabeculation [4–6]. Such changes triggered by CKD were
previously reported to alter mandibular bone remodeling [7, 8], eventually leading to jaw
enlargement [9–11]. Moreover, periodontitis and periodontal bone loss were worse and more
symptomatic in CKD patients compared with a healthy population [12–14].

Osteoporosis is marked by reduced bone strength, leading to an increased risk of bone frac-
ture. Estrogen is a critical regulator of bone remodeling [15, 16]. By increasing osteoclast apo-
ptosis, downregulating osteoclast precursors and stimulating osteoblast proliferation, estrogen
maintains the balance between bone formation and resorption [17, 18]. Estrogen deficiency
increases both bone formation and bone resorption but favors the latter, leading to decreased
bone mineral density (BMD) and increased bone fracture risk [19–20]. Thus, estrogen defi-
ciency is the greatest risk factor for postmenopausal osteoporosis [21]. Moreover, osteoporosis
not only affects the skeleton but also impairs mandibular bone metabolism; this disease leads
to decreases in the bone volume/tissue volume (BV/TV) ratio and trabecular thickness and an
increase in trabecular separation [22, 23]. In dentistry, estrogen deficiency impairs the osseoin-
tegration of titanium implants, and this impairment was shown to be accompanied by lower
bone-implant contact (BIC) ratio, BV/TV ratio, and biomechanical push-in resistance [24].
These effects resulted in poor bone healing and complications after titanium implant surgery
[25, 26].

Meanwhile, estrogen plays an important protective role in the kidneys of CKD patients [27–
30]; thus, estrogen loss accelerates the progression of CKD. Therefore, estrogen deficiency
might lead to more severe CKD-MBD, with increased bone resorption and decreased trabecu-
lar BMD [31, 32]. It has been reported that estrogen administration can decrease the bone
resorption rate and restore normal trabecular bone volume and trabecular connectivity in
these CKD patients [33].

Though the effect of estrogen deficiency in the general population is mutually agreed upon
[33, 34], its effect on the mandibular bone of CKD mice is still unclear. In addition, there has
not been a focus on the effects of estrogen deficiency on the mandibular bone in CKD mice.
Therefore, in the present study, we developed a CKD mouse model with and without estrogen
deficiency to investigate mandibular bone structure.

Materials and Methods

Ethics Statement
This study was conducted in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health and the ARRIVE
guidelines (http://www.nc3rs.org/ARRIVE). All the experiments were approved by the Ethics
Committee of West China School of Stomatology, West China Hospital of Stomatology. All
the surgeries were performed under anesthesia with an intraperitoneal injection of a combina-
tion of ketamine (100 mg/kg) and xylazine (10 mg/kg). In addition, buprenorphine (0.05 mg/
kg) was given for perioperative analgesia to minimize pain and suffering.

Animals
Eleven-week-old female C57BL mice were obtained from the Experimental Animal Center of
Sichuan University and then randomly assigned to four groups: the Sham group (n = 10), the
CKD group (n = 10), the OVX group (n = 10), and the CKD+OVX group (n = 10). The mice
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were housed in climate-controlled conditions (25°C, 55% humidity, and 12 hours of light alter-
nating with 12 hours of darkness) and were fed a standard diet. The animal care and all the
experiments were compliant with the guidelines of the Animal Research Committee of the
West China School of Stomatology, Sichuan University, and were conducted in accordance
with The Code of Ethics of the World Medical Association for Animal Experiments. The work-
flow for this study is shown in Fig 1.

Surgical procedure to induce uremia
To induce uremia, a two-step 5/6 nephrectomy was performed on the mice in the CKD and
CKD+OVX groups as previously described [35, 36]. Briefly, the first step involved electrocau-
tery of the left kidney through a 2-cm-long lumbar incision on the dorsal aspect of the mouse
after anesthesia. The entire cortex of the left kidney, except for a 2-mm area around the hilum,
was cauterized (Acteon Servotome, Bordeaux, France). One week after the first surgery, total
nephrectomy of the right kidney was performed after ligation of the renal hilum suture. Sham
surgery included administering an anesthetic, creating a 2-cm-long lumbar incision, pushing
out the kidney, guiding it back, and closing the abdominal wall. After the second renal surgery,
all the mice were housed for four weeks to establish the uremia model.

Ovariectomy
Four weeks after the second surgery for renal ablation, mice in the OVX and CKD+OVX
groups underwent bilateral OVX as described previously [37]. Briefly, the ovaries were
approached through a midline dorsal skin incision and exposed by cutting through the muscle
layer right or left of the vertebral column. After ligating the uterine horn, both of the ovaries
were surgically removed. Sham surgery included anesthesia, midline dorsal incision, exterior-
izing the ovary, and wound closure.

Serum chemistry
Twelve weeks after the second renal surgery, blood was collected from the cheek pouch of the
mouse as described previously [38]. Serum biochemistry was assessed using the following com-
mercially available kits: blood urea nitrogen (BUN) (Roche Diagnostics, Indianapolis, IN), cal-
cium (0155–225, Stanbio Laboratory, Boerne, TX), phosphate (0830–125, Stanbio Laboratory,
Boerne, TX), 1,25-dihydroxy vitamin D (1,25[OH]2D; IS-2400, Immunodiagnostic Systems
Ltd., Fountain Hills, AZ), PTH (#60–2700, Immutopics, San Clemente, CA), and FGF23 (#60–
6300, Immutopics, San Clemente, CA).

Fig 1. Illustration of the study workflow.

doi:10.1371/journal.pone.0148804.g001
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Quantitative Analysis of Mandibles Using Micro-CT
After collecting blood from the mice, the animals were sacrificed with an overdose of isoflurane
inhalation. Mandibles were collected for micro-CT and histological analyses. To prevent dry-
ing, all the mandibles were wrapped in parafilm during scanning. Mandibles were scanned on
a micro-CT system (70 kV, 114 μA, 12 μm resolution; μ-CT 80 scanner, Scanco Medical, Bas-
sersdorf, Switzerland). The volume of interest (VOI) was defined for each mandible from the
reconstructed datasets. Between the mesial and distal roots, a buccal-lingual cross-slice of the
first mandibular molar in the furcation zone was identified. Then, ten slices prior to and after
the identified furcation slice were added to generate a VOI. Different thresholds were estab-
lished to differentiate bone and other tissues. The lower and upper thresholds for bone were
defined as 40 and 127 grayscale units. The BV/TV ratio and cortical thickness were quantita-
tively analyzed within the VOI.

Histological Analysis
For the histological analysis, tissues were fixed in 10% buffered formalin for 1 week at 4°C and
then transferred to 70% ethanol for storage. Mandibles were then dissected from the surround-
ing tissues and stored in a 17% EDTA solution for 4 weeks. Tissues were processed and embed-
ded in paraffin. Five-micrometer frontal sections of the mandible were obtained. All the
sections were stained with hematoxylin and eosin (H&E) as described previously [39]. Images
of the furcation area between the mesial and distal roots of the mandibular first molar were
obtained to observe the trabecular bone. Images of the middle and mesio-distal regions of the
mesial root of the mandibular first molar were obtained to observe the cortical bone and PDL
(periodontal ligament) space. Five slices prior to and after those images were analyzed. Nine
points in each slice were chosen to measure the PDL space. The mean value was calculated and
subjected to statistical analysis.

Statistical analysis
All the data are presented as the mean ± SD. The Kolmogorov-Smirnov test was performed to
confirm normality. One-way ANOVA was used to ascertain equality of variances and signifi-
cant differences. Differences were considered significant at p<0.05.

Results

Serum chemistry
Serum BUN was significantly increased in the CKD group compared with the Sham group
(p<0.05; Fig 2A), which indicated the creation of a uremic mouse model. Importantly, serum
BUN was significantly higher in the CKD+OVX group than in the CKD group (p<0.05).
Serum calcium levels were not different among the four groups (Fig 2C). Surprisingly, we
observed a slight increase in serum phosphate in the CKD+OVX group compared with the
Sham group (p<0.05; Fig 2B), but the CKD and OVX groups did not show any change in phos-
phate levels. As expected, serum 1,25(OH)2D levels were much lower in both CKD groups
than in the Sham group, indicating that CKD disturbs normal renal function. Nevertheless,
serum 1,25(OH)2D levels were not affected by OVX (Fig 2D). We also observed the develop-
ment of hyperparathyroidism in both the CKD and CKD+OVX groups, which was thought to
be secondary hyperparathyroidism induced by CKD. Consequently, serum FGF23 levels fol-
lowed a similar pattern as PTH levels, as shown in Fig 2F.
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Micro-CT analysis
Micro-CT was used to investigate microstructural changes in the mandibular bone of all the
mice. One representative photo from each group is shown in Fig 3A. Mandibular bone loss was
observed in the OVX group, as shown by the significant reductions in the BV/TV ratio and the
cortical thickness (Fig 3B and 3C). We did not observe a significant decrease in the BV/TV
ratio in the CKD group, but the cortical thickness was significantly reduced in this group com-
pared with the Sham group. Notably, both parameters (i.e., BV/TV ratio and cortical thickness)
were further reduced in the CKD+OVX group compared with the CKD group (p<0.05), and
the CKD+OVX group exhibited the greatest bone loss among the four groups.

Fig 2. Serum biochemical measurements. (A) Serum BUN. (B) Serum phosphate. (C) Serum Calcium. (D) Serum 1,25(OH)2D. (E) Serum PTH. (F) Serum
FGF23. *: p<0.05 vs Sham; #: p<0.05 vs OVX; $: p<0.05 vs CKD.

doi:10.1371/journal.pone.0148804.g002

Estrogen Deficiency Leads to Mandibular Bone Loss

PLOS ONE | DOI:10.1371/journal.pone.0148804 February 17, 2016 5 / 11



Histological evaluation
One representative section from each group is shown in Figs 4 and 5. A normal trabecular
bone pattern and arrangement with a few bone marrow spaces were observed in the mandibles
from animals in the Sham group (Fig 4). Moreover, the Sham group showed well-organized
cortical lamellar bone (Fig 5A). The PDL space was significantly wider in the other three

Fig 3. Tomographic cross-sectional slices of the furcation area andmandibular bonemorphometry based onmicro-CT analysis. (A)
Representative mandibles from the Sham, OVX, CKD, and CKD+OVX groups. (B) Bone volume/tissue volume (BV/TV) ratio based on micro-CT analysis.
(C) Cortical thickness based on micro-CT analysis. *: p<0.05 vs Sham; #: p<0.05 vs OVX; $: p<0.05 vs CKD.

doi:10.1371/journal.pone.0148804.g003
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groups than in the Sham group (Fig 5B). Furthermore, the PDL space was significantly wider
in the CKD+OVX group than in the CKD group.

Discussion
In the present study, we established a mouse model of CKD and estrogen deficiency to deter-
mine the effects of estrogen deficiency on the mandibular bone of CKD mice. Serum data
showed that estrogen deficiency led to a further increase in serum BUN in the CKD mice, sug-
gesting that OVX aggravated kidney failure. Estrogen deficiency decreased the BV/TV ratio
and cortical thickness of the mandibular bone in both the OVX and CKD+OVX groups. More-
over, these declines were more severe in the CKD+OVX group than in the CKD group, indicat-
ing that estrogen deficiency led to further bone loss. Histological evaluation confirmed the
increased PDL space in the CKD, OVX, and CKD+OVX groups, and the CKD+OVX group
showed the greatest increase among these three groups.

We did not observe significant differences in serum FGF23 and PTH levels between the
CKD+OVX and CKD groups in this study. Although serum FGF23 and PTH levels elevated as
CKD progresses, they do not increase linearly with eGFR [17]. Other groups have studied the
effect of OVX on serum FGF23 and PTH levels using a rat model, and in accordance with our
results, no significant changes were observed [33, 40]. Moreover, serum FGF23 and PTH levels
were measured at eight weeks after treatment in our study and in previous ones. As eGFR var-
ies with time, different serum chemistry results might be obtained at other time points.

Fig 4. Histological staining of trabecular bone. (H&E staining) Buccal lingual cross sections of the furcation area between the mesial root and the distal
root of the mandibular first molar. The second row consists of magnified images (400X) of trabecular bone. B: Bone marrow space; C: Cancellous bone.

doi:10.1371/journal.pone.0148804.g004
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Although FGF23 and PTH have direct effects on bone remodeling, the data suggest that they
are not the key factors by which estrogen affects bone in CKD mice. More studies are needed to
fully elucidate the mechanisms by which estrogen regulates serum FGF23 and PTH levels and
affects bone in CKD mice.

CKD impairs bone metabolism and leads to CKD-MBD by reducing kidney function and
disturbing the normal physiological mechanisms that regulate the blood levels of vitamin D,
phosphate, calcium, PTH, and FGF23 [4–6]. The mandibular bone is involved in these dra-
matic changes. Using a CKD mouse model, Lee et al. [7] observed a significant reduction in
cortical bone thickness and increases in both trabecular thickness and trabecular BV/TV. Allen
et al. [8] also observed a significantly lower BV/TV ratio in the mandibular bone in CKD rats
and reported that zoledronate and calcium administration could restore the BV/TV ratio. In
the present study, micro-CT analyses showed a significant reduction in the cortical thickness
of the mandible in the CKD group compared with the Sham group. However, we did not observe
a significant decrease in BV/TV in the CKD group compared with the Sham group. This result is
in accordance with the findings of Schober et al. [41], who studied bone loss in dialysis patients
and observed significant cortical bone loss. CKDmight affect mandibular bone and lead to signif-
icant cortical loss without considerable changes in trabecular bone. Thus, we only observed a
slight decrease in BV/TV. Moreover, periodontitis is more severe in CKD patients compared
with the general healthy population. Zhao et al. [12] observed a worse community periodontal
index (CPI), more severe clinical attachment loss (AL), and greater periodontal bone loss (BL) in

Fig 5. Histological staining of cortical bone and PDL space of the mesial root. (H&E staining) (A) Buccal lingual cross sections of the mesial root of the
mandibular first molar. The second row consists of magnified images (400X) of cortical bone and the PDL. (B) PDL space of the mesial root. *: p<0.05 vs
Sham; #: p<0.05 vs OVX; $: p<0.05 vs CKD.

doi:10.1371/journal.pone.0148804.g005

Estrogen Deficiency Leads to Mandibular Bone Loss

PLOS ONE | DOI:10.1371/journal.pone.0148804 February 17, 2016 8 / 11



hemodialysis patients in China. In this study, we observed a wider PDL space in the CKD and
CKD+OVX groups, and the latter group showed a more dramatic change.

Because estrogen is a critical regulator of bone remodeling, a deficiency could impair man-
dibular bone metabolism. Yang et al. [23] measured the mandibular cortical thickness of OVX
rats both manually and using computer image analysis and observed a significant reduction in
cortical thickness. Using micro-CT to investigate the mandible of OVX rats, they found that
estrogen deficiency significantly decreased the BV/TV ratio and trabecular thickness and
increased trabecular separation and the structure model index. Furthermore, estrogen defi-
ciency affects bone healing and bone density around titanium implants [24–26]. Tateishi et al.
[25] investigated whether estrogen deficiency interrupts bone healing around titanium
implants and found a lower BIC, BA (bone area), and BD (bone density) in cancellous bone
around the implants in the OVX group. Giro et al. [26] evaluated the influence of estrogen defi-
ciency on bone density around implants and found that OVX led to a lower BD, which could
be effectively treated with estrogen replacement therapy. Our previous study demonstrated
that estrogen deficiency impairs the osseointegration of titanium implants, which is accompa-
nied by decreases in the BIC ratio, BV/TV ratio, and biomechanical push-in resistance [24].
We also observed significantly lower BV/TV and cortical thickness in the OVX group com-
pared with the Sham group in our current study.

Estrogen also plays a protective role in CKD patients [27–30]; thus, loss of this factor defi-
nitely accelerates the progression of CKD. Many studies have demonstrated that estrogen defi-
ciency leads to further bone loss in CKD patients. Barreto et al. [32] reported that amenorrheic
female patients on hemodialysis presented with a lower BV/TV ratio than menstruating
patients. Weisinger et al. [31] reported a significantly lower trabecular BMD in the lumbar
spine of amenorrheic women compared with regularly menstruating dialysis patients. In this
study, we found that serum BUN levels were higher in the CKD+OVX group than in the CKD
group, indicating that estrogen deficiency aggravated CKD. The BV/TV ratio and cortical
thickness were significantly lower in the CKD+OVX group than in the CKD group, demon-
strating that estrogen deficiency led to further bone loss.

Conclusion
In this study, we developed a CKD and OVX mouse model to investigate the effects of estrogen
deficiency on the mandibular bone of CKD mice. To the best of our knowledge, this is the first
study of mandibular bone in the context of CKD and estrogen deficiency. We found that estro-
gen deficiency in CKD mice significantly decreased the BV/TV ratio and cortical thickness,
indicating that estrogen deficiency leads to further mandibular bone loss.

Acknowledgments
This work was supported by grants from the National Natural Science Foundation of China
(NSFC 81371173, 81321002), the 111 project of the Ministry of Education of China, and the
Sichuan Province Youth Fund (2013JQ0017).

Author Contributions
Conceived and designed the experiments: QY. Performed the experiments: YG NS XD. Ana-
lyzed the data: YG YW LZ. Contributed reagents/materials/analysis tools: QY YG. Wrote the
paper: YG QY DS XX.

Estrogen Deficiency Leads to Mandibular Bone Loss

PLOS ONE | DOI:10.1371/journal.pone.0148804 February 17, 2016 9 / 11



References
1. Zhang L, Wang F, Wang L, WangW, Liu B, Chen M, et al. Prevalence of chronic kidney disease in

China: a cross-sectional survey. Lancet 2012; 379:815–822. doi: 10.1016/S0140-6736(12)60033-6
PMID: 22386035

2. Coresh J, Selvin E, Stevens LA, Manzi J, Kusek JW, Eggers P, et al. Prevalence of chronic kidney dis-
ease in the United States. JAMA: the journal of the American Medical Association 2007; 298:2038–
2047.

3. Kimura G. Predicted prevalence in Japan of chronic kidney disease (CKD). Clinical and experimental
nephrology 2007; 11:188–189. PMID: 17593522

4. Moe S, Drueke T, Cunningham J, GoodmanW, Martin K, Olgaard K, et al. Definition, evaluation, and
classification of renal osteodystrophy: a position statement from Kidney Disease: Improving Global Out-
comes (KDIGO). Kidney international 2006; 69:1945–1953. PMID: 16641930

5. Gal-Moscovici A, Sprague SM. Bone health in chronic kidney disease-mineral and bone disease.
Advances in chronic kidney disease 2007; 14:27–36. PMID: 17200041

6. Jover Cervero A, Bagan JV, Jimenez Soriano Y, Poveda Roda R. Dental management in renal failure:
patients on dialysis. Medicina oral, patologia oral y cirugia bucal 2008; 13:E419–426.

7. Lee MM, Chu EY, El-Abbadi MM, Foster BL, Tompkins KA, Giachelli CM, et al. Characterization of
mandibular bone in a mouse model of chronic kidney disease. Journal of periodontology 2010; 81:300–
309. doi: 10.1902/jop.2009.090379 PMID: 20151810

8. Allen MR, Chen NX, Gattone VH 2nd, Moe SM. Adverse mandibular bone effects associated with kid-
ney disease are only partially corrected with bisphosphonate and/or calcium treatment. American jour-
nal of nephrology 2013; 38:458–464. doi: 10.1159/000356335 PMID: 24280830

9. Tarrass F, Benjelloun M, Bensaha T. Severe jaw enlargement associated with uremic hyperparathy-
roidism. Hemodialysis international International Symposium on Home Hemodialysis 2008; 12:316–
318. doi: 10.1111/j.1542-4758.2008.00273.x PMID: 18638085

10. Lerman MA, Do C, Gunaratnam L, Kulkarni C, Tucker K, Woo SB. Localized mandibular enlargement
in end-stage renal disease: two case reports and a review of the literature. Oral surgery, oral medicine,
oral pathology and oral radiology 2012; 113:384–390.

11. Kalyvas D, Tosios KI, Leventis MD, Tsiklakis K, Angelopoulos AP. Localized jaw enlargement in renal
osteodystrophy: report of a case and review of the literature. Oral surgery, oral medicine, oral pathol-
ogy, oral radiology, and endodontics 2004; 97:68–74.

12. Zhao D, Zhang S, Chen X, Liu W, Sun N, Guo Y, et al. Evaluation of periodontitis and bone loss in
patients undergoing hemodialysis. Journal of periodontology 2014; 85:1515–1520. doi: 10.1902/jop.
2014.140119 PMID: 24857322

13. Bayraktar G, Kurtulus I, Duraduryan A, Cintan S, Kazancioglu R, Yildiz A, et al. Dental and periodontal
findings in hemodialysis patients. Oral diseases 2007; 13:393–397. PMID: 17577325

14. Thorman R, Neovius M, Hylander B. Clinical findings in oral health during progression of chronic kidney
disease to end-stage renal disease in a Swedish population. Scandinavian journal of urology and
nephrology 2009; 43:154–159. doi: 10.1080/00365590802464817 PMID: 18949632

15. Cauley JA. Estrogen and Bone Health in Men andWomen. Steroids 2015; 99(Pt A):11–15 doi: 10.
1016/j.steroids.2014.12.010 PMID: 25555470

16. Imai Y. [Bone metabolism by sex hormones and gonadotropins]. Clinical calcium 2014; 24(6):815–819.
doi: CliCa1406815819 PMID: 24870831

17. Manolagas SC. From estrogen-centric to aging and oxidative stress: a revised perspective of thepatho-
genesis of osteoporosis. Endocr Rev, 2010. 31(3): p. 266–300. doi: 10.1210/er.2009-0024 PMID:
20051526

18. Manolagas SC. Birth and death of bone cells: basic regulatory mechanisms and implications for the
pathogenesis and treatment of osteoporosis. Endocr Rev, 2000. 21(2): p. 115–37. PMID: 10782361

19. Richelson LS, Wahner HW, Melton LJ 3rd, Riggs BL. Relative contributions of aging and estrogen defi-
ciency to postmenopausal bone loss. The New England journal of medicine 1984; 311:1273–1275.
PMID: 6493283

20. Riggs BL. Endocrine causes of age-related bone loss and osteoporosis. Novartis Foundation sympo-
sium 2002; 242:247–259; discussion 260–244. PMID: 11855691

21. Maeda SS, Lazaretti-Castro M. An overview on the treatment of postmenopausal osteoporosis. Arqui-
vos Brasileiros de Endocrinologia & Metabologia. 2014; 58(2): 162–171.

22. Yang J, Pham SM, Crabbe DL. Effects of oestrogen deficiency on rat mandibular and tibial microarchi-
tecture. Dento maxillo facial radiology 2003; 32:247–251. PMID: 13679356

Estrogen Deficiency Leads to Mandibular Bone Loss

PLOS ONE | DOI:10.1371/journal.pone.0148804 February 17, 2016 10 / 11

http://dx.doi.org/10.1016/S0140-6736(12)60033-6
http://www.ncbi.nlm.nih.gov/pubmed/22386035
http://www.ncbi.nlm.nih.gov/pubmed/17593522
http://www.ncbi.nlm.nih.gov/pubmed/16641930
http://www.ncbi.nlm.nih.gov/pubmed/17200041
http://dx.doi.org/10.1902/jop.2009.090379
http://www.ncbi.nlm.nih.gov/pubmed/20151810
http://dx.doi.org/10.1159/000356335
http://www.ncbi.nlm.nih.gov/pubmed/24280830
http://dx.doi.org/10.1111/j.1542-4758.2008.00273.x
http://www.ncbi.nlm.nih.gov/pubmed/18638085
http://dx.doi.org/10.1902/jop.2014.140119
http://dx.doi.org/10.1902/jop.2014.140119
http://www.ncbi.nlm.nih.gov/pubmed/24857322
http://www.ncbi.nlm.nih.gov/pubmed/17577325
http://dx.doi.org/10.1080/00365590802464817
http://www.ncbi.nlm.nih.gov/pubmed/18949632
http://dx.doi.org/10.1016/j.steroids.2014.12.010
http://dx.doi.org/10.1016/j.steroids.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25555470
http://CliCa1406815819
http://www.ncbi.nlm.nih.gov/pubmed/24870831
http://dx.doi.org/10.1210/er.2009-0024
http://www.ncbi.nlm.nih.gov/pubmed/20051526
http://www.ncbi.nlm.nih.gov/pubmed/10782361
http://www.ncbi.nlm.nih.gov/pubmed/6493283
http://www.ncbi.nlm.nih.gov/pubmed/11855691
http://www.ncbi.nlm.nih.gov/pubmed/13679356


23. Yang J, Farnell D, Devlin H, Horner K, Graham J. The effect of ovariectomy on mandibular cortical
thickness in the rat. Journal of dentistry 2005; 33:123–129. PMID: 15683893

24. Zhang S, Guo Y, Zou H, Zou H, Sun N, Zhao D, et al. Effect of estrogen deficiency on the fixation of tita-
nium implants in chronic kidney disease mice. Osteoporosis international 2015; 26:1073–1080. doi: 10.
1007/s00198-014-2952-6 PMID: 25366374

25. Tateishi H, Okamoto Y, Kinoshita K, Hibi H, Ueda M. Effects of implant surface on bone healing around
titanium screw implants in ovariectomized rats. The International journal of oral & maxillofacial implants
2013; 28:e252–259.

26. Giro G, Goncalves D, Sakakura CE, Pereira RM, Marcantonio E Junior, Orrico SR. Influence of estro-
gen deficiency and its treatment with alendronate and estrogen on bone density around osseointe-
grated implants: radiographic study in female rats. Oral surgery, oral medicine, oral pathology, oral
radiology, and endodontics 2008; 105:162–167.

27. Neugarten J. Gender and the progression of renal disease. Journal of the American Society of Nephrol-
ogy: JASN 2002; 13:2807–2809. PMID: 12397053

28. Kummer S, von Gersdorff G, Kemper MJ, Oh J. The influence of gender and sexual hormones on inci-
dence and outcome of chronic kidney disease. Pediatric nephrology 2012; 27:1213–1219. doi: 10.
1007/s00467-011-1963-1 PMID: 21766172

29. Gross ML, Adamczak M, Rabe T, Harbi NA, Krtil J, Koch A, et al. Beneficial Effects of Estrogens on Indi-
ces of Renal Damage in Uninephrectomized SHRsp Rats. Journal of the American Society of Nephrol-
ogy: JASN 2004; 15:348–358. PMID: 14747381

30. Hutchens MP, Fujiyoshi T, Komers R, Herson PS, Anderson S. Estrogen protects renal endothelial bar-
rier function from ischemia-reperfusion in vitro and in vivo. American journal of physiology Renal physi-
ology 2012; 303:F377–385. doi: 10.1152/ajprenal.00354.2011 PMID: 22622457

31. Weisinger JR, Gonzalez L, Alvarez H, Hernandez E, Carlini RG, Capriles F, et al. Role of persistent
amenorrhea in bone mineral metabolism of young hemodialyzed women. Kidney international 2000;
58:331–335. PMID: 10886579

32. Barreto FC, Barreto DV, Moyses RM, Neves CL, Jorgetti V, Draibe SA, et al. Osteoporosis in hemodial-
ysis patients revisited by bone histomorphometry: a new insight into an old problem. Kidney interna-
tional 2006; 69:1852–1857. PMID: 16612334

33. Naves Diaz M, Rodriguez Rodriguez A, Fernandez Martin JL, Serrano Arias M, Menendez Rodriguez
P, Cannata Andia JB. Effects of estradiol, calcitriol and both treatments combined on bone histomor-
phometry in rats with chronic kidney disease and ovariectomy. Bone 2007; 41:614–619. PMID:
17692587

34. Holley JL, Schmidt RJ. Hormone replacement therapy in postmenopausal women with end-stage renal
disease: a review of the issues. Seminars in dialysis 2001; 14:146–149. PMID: 11422914

35. Zou H, Zhao X, Sun N, Zhang S, Sato T, Yu H, et al. Effect of chronic kidney disease on the healing of
titanium implants. Bone 2013; 56:410–415. doi: 10.1016/j.bone.2013.07.014 PMID: 23876979

36. Gagnon RF, Gallimore B. Characterization of a mouse model of chronic uremia. Urological research
1988; 16:119–126. PMID: 3369000

37. Lasota A, Danowska-Klonowska D. Experimental osteoporosis—different methods of ovariectomy in
female white rats. Roczniki Akademii Medycznej w Bialymstoku 2004; 49 Suppl 1:129–131. PMID:
15638397

38. GoldeWT, Gollobin P, Rodriguez LL. A rapid, simple, and humane method for submandibular bleeding
of mice using a lancet. Lab animal 2005; 34:39–43.

39. Nociti FH Jr, Berry JE, Foster BL, Gurley KA, Kingsley DM, Takata T, et al. Cementum: a phosphate-
sensitive tissue. Journal of dental research 2002; 81:817–821. PMID: 12454094

40. Carrillo-Lopez N., et al., Indirect regulation of PTH by estrogens may require FGF23. J Am Soc Nephrol,
2009; 20:2009–17. doi: 10.1681/ASN.2008121258 PMID: 19628670

41. Schober HC, Han ZH, Foldes AJ, Shih MS, Rao DS, Balena R, et al., Mineralized bone loss at different
sites in dialysis patients: implications for prevention. J Am Soc Nephrol, 1998; 9(7): 1225–33. PMID:
9644632

Estrogen Deficiency Leads to Mandibular Bone Loss

PLOS ONE | DOI:10.1371/journal.pone.0148804 February 17, 2016 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/15683893
http://dx.doi.org/10.1007/s00198-014-2952-6
http://dx.doi.org/10.1007/s00198-014-2952-6
http://www.ncbi.nlm.nih.gov/pubmed/25366374
http://www.ncbi.nlm.nih.gov/pubmed/12397053
http://dx.doi.org/10.1007/s00467-011-1963-1
http://dx.doi.org/10.1007/s00467-011-1963-1
http://www.ncbi.nlm.nih.gov/pubmed/21766172
http://www.ncbi.nlm.nih.gov/pubmed/14747381
http://dx.doi.org/10.1152/ajprenal.00354.2011
http://www.ncbi.nlm.nih.gov/pubmed/22622457
http://www.ncbi.nlm.nih.gov/pubmed/10886579
http://www.ncbi.nlm.nih.gov/pubmed/16612334
http://www.ncbi.nlm.nih.gov/pubmed/17692587
http://www.ncbi.nlm.nih.gov/pubmed/11422914
http://dx.doi.org/10.1016/j.bone.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23876979
http://www.ncbi.nlm.nih.gov/pubmed/3369000
http://www.ncbi.nlm.nih.gov/pubmed/15638397
http://www.ncbi.nlm.nih.gov/pubmed/12454094
http://dx.doi.org/10.1681/ASN.2008121258
http://www.ncbi.nlm.nih.gov/pubmed/19628670
http://www.ncbi.nlm.nih.gov/pubmed/9644632

