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The absence of leptin results in contrasting growth pattern of appendicular and axial bone growth in ob/ob mice. Endochondral bone formation is an important procedure of growth plate determining the bone growth, where this procedure is also regulated by estrogen and its receptor (ER) signaling pathway. The present study is undertaken to explore the roles of ERs in regulating the different growth patterns in ob/ob mice. In this study, C57BL/6 female mice were used as wild-type (WT) mice; ob/ob mice and WT mice were age-matched fed, and bone length is analyzed by X-ray plain film at the 12 weeks old. We confirm that ob/ob mice have shorter femoral length and longer spine length than WT mice (p < 0.05). The contrasting expression patterns of chondrocyte proliferation proteins and hypertrophic marker proteins are also observed from the femur and spinal growth plate of ob/ob mice compared with WT mice (p < 0.01). Spearman’s analysis showed that body length (axial and appendicular length) is positively related to the expression level of ERα in growth plate. Three-week-old female ob/ob mice are randomized divided into three groups: 1) ob/ob + ctrl, 2) ob/ob + ERα antagonist (MPP), and 3) ob/ob + ERβ antagonist (PHTPP). Age-matched C57BL/6 mice were also divided into three groups, same as the groups of ob/ob mice. MPP and PHTPP were administered by intraperitoneal injection for 6 weeks. However, the results of X-ray and H&E staining demonstrate that leptin deficiency seems to disturb the regulating effects of ER antagonists on longitudinal bone growth. These findings suggested that region-specific expression of ERα might be associated with contrasting phenotypes of axial and appendicular bone growth in ob/ob mice. However, ER signaling on longitudinal bone growth was blunted by leptin deficiency in ob/ob mice, and the underlying association between ERs and leptin needs to be explored in future work.
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Introduction

Leptin, a protein encoded by obese gene (ob), has been shown to have regulative effects on longitudinal bone growth, spongiosa maturation, and bone turnover between cortical and cancellous bones (1). The mammalian second growth spurt period occurs at puberty. One of the characterizations for the growth spurt is rapid skeletal longitudinal growth. Results in a clinical investigation, in order to clarify the relationship between anthropometric data and concentrations of serum leptin in the catch-up growth procedure, showed that increasing leptin concentrations might trigger catch-up growth in children recovering from malnutrition (2). Furthermore, leptin was considered as an important facilitator in early puberty (3). In addition, findings of leptin deficiency in mice and humans leading to abnormal bone development suggested that leptin plays a novel role in the linear growth of bone (4–7). Endochondral bone formation is the key procedure for growth plate (GP), in which GP chondrocytes undergo a series of organized procedures including proliferation, maturation, hypertrophic differentiation, and calcification (8–10). These complex and delicate programs of endochondral bone formation are responsible for the skeletal elongation. The femoral GP of ob/ob mice is abnormal combined with poorly organized collagen fibril and decreased the expression level of type X collagen (7). Further lab investigations showed that leptin could enhance the proliferation and differentiation of GP chondrocytes ex vivo (11). Additional leptin treatment increased condyle height in an organ model (12). Importantly, supplementation of leptin to ob/ob mice could reverse the defects in femoral GP and bone morphology (7, 12, 13). However, interesting different growth patterns have been shown in ob/ob mice with a shorter femora length and a longer vertebral length than wild-type (WT) mice (7), while the underlying mechanism of this contrasting phenotypes still remains unclear.

Although leptin played an important role in the abnormal skeletal bone growth, leptin was a multiple-effect hormone, affecting energy metabolism, appetite, thermogenesis, immune system, and neuroendocrine (14, 15), each of which could independently determine the growth pattern of skeletal bone longitudinal growth (16). Leptin is responsible for the secretion of gonadotropin-releasing hormone, and leptin deficiency directly leads to a reduced level of estrogen in ob/ob mice (17). Estrogen and its receptor (ERα and ERβ) signaling pathway played an essential role in skeletal growth, and the absence of estrogen in rats presented an accelerated bone elongation as compared with that in normal female rats (18, 19). Effects of different ERs (α and β) on the axial and appendicular bone elongation were distinct, which were proved by ER knock-out mice. ERα knock-out mice showed a decreasing bone growth, while mice with inactivation of ERβ had increased appendicular bone growth (20–22). Our previous study also showed that blocking different ERs presented opposite effects on the appendicular longitudinal growth (23). Recently, a crosstalk effect between leptin and ERs in the endochondral bone formation has been reported in our previous study (24), and a stage-specific effect of leptin on the ER expression was obvious during the hypertrophic differentiation stage in a model of chondrocyte differentiation in vitro (25). The integration of estrogen and leptin signaling, which is responsible for contrasting growth patterns in appendicular and axial longitudinal growth via ERs, is still unknown.

Therefore, we hypothesize that leptin deficiency may influence the ER expression in axial and appendicular GP in vivo, contributing to the contrasting phenotypes of skeletal growth in ob/ob mice. The current study was designed to determine the role of ERs in the skeletal longitudinal growth of leptin deficiency mice. We examine the femur and spinal GP using densitometric, histomorphometric, and immunohistochemical techniques to expand our current understanding of how the absence of leptin affects axial and appendicular growth.



Methods and Materials


Animals

Three-week-old female B6/JGpt-Lepem1Cd25/Gpt mice on the C57BL/6 background (ob/ob mice, n = 6/group) and 3-week-old female C57BL/6 (n = 6/group) mice were purchased from Nanjing GemPharmatech Co., Ltd. Animals were housed and kept in 12-h daylight and nightlight conditions with standard mouse feed and sterile water. Our animal protocol was approved by the animal experiment ethical committee of Peking University People’s Hospital.



Experimental Procedures

In total, 24 C57BL/6 mice and 24 ob/ob mice were purchased from GemPharmatech Co., Ltd. (Jiangsu, China) and were randomly divided into eight groups. In the first stage, C57BL/6 was used as WT (n = 6), ob/ob mouse was used as ob/ob (n = 6). These two groups of mice did not receive any drug treatment and were euthanized for tissue collection. In order to determine the role of ERs in skeletal growth of ob/ob mice, the second stage was performed as follows: WT, ob/ob control (ob/ob + ctrl), ob/ob mice treated with methyl-piperidino-pyrazole, an ERα-selective antagonist (ob/ob + MPP), and ob/ob mice were treated with 4-(2-phenyl-5,7-bis(trifluoromethyl)pyrazolo(1,5-a)pyrimidin-3-yl)phenol, an ERβ-selective antagonist (ob/ob + PHTPP). After 1 week of adaptive feeding, mice were treated with different kinds of ER antagonists during the puberty of female mice (4 to 10 weeks). The control group ob/ob mice were subcutaneously injected with 100 μl of saline solution. The MPP group mice and PHTPP group mice were intraperitoneally injected with MPP [0.3 mg/kg/day, dissolved in 1‰ dimethyl sulfoxide (DMSO)] and PHTPP (0.3 mg/kg/day, dissolved in 1‰ DMSO), respectively, according to previous studies (23, 26). All the groups received injections at 5 days/week for 6 weeks. The body weight of each mouse was recorded every week.



X-Ray Radiography Image

At the end of each stage, X-ray radiography (Shanghai United Imaging Healthcare Co., Ltd. Shanghai, China) was used to get the images of all mice, which were in the prone position. Femur length and spine (L1–L6) length were quantified using ImageJ software (NIH, Bethesda, MD). The femur length was recorded as appendicular length, and the spine length was recorded as axial length.



Tissue Sample Length Measurements and Collection

After euthanasia, the femur and lumbar L5 vertebrae were fixed in 4% paraformaldehyde for at least 24 h. Ten percent ethylenediaminetetraacetic acid (EDTA) was used for decalcification of these bone tissues for at least 3 weeks. After decalcification, the femur and spine were embedded in paraffin for future histological analysis.



Quantitative Histology of Axial and Appendicular Growth Plate Using H&E Staining

H&E staining and the quantitative analysis of GP were performed according to previous studies (23). Briefly, 4-μm-thick two nonconsecutive sections were made from paraffin of femur and lumbar (L5 vertebrae) tissues of each mouse and were then deparaffinized with xylene, followed by staining with H&E according to the manual protocol. The quantitative analysis was carried out by measuring the GP under the ×10 magnification using Nikon Eclipse microscope (Nikon, Japan). The height of GP was recorded by the mean values of 20 measurements per section. Furthermore, the height of the proliferative and hypertrophic zones was analyzed by 20 columns in each section and was recorded as an average. ImageJ (NIH, Bethesda, MD) was used to measure the height of the femur and lumbar GP height in a blind method.



Immunohistochemistry

For immunohistochemistry (IHC) analysis, the traverse sections were baked for 50 min at 60°C, then rehydrated in xylene and graded ethanol, and finally washed with water, with 5 min in each step. Sections were incubated in 3% H2O2 in order to eliminate endogenous peroxidase activity; then phosphate-buffered saline (PBS) was used for washing. After retrieval and blocking, these sections incubated with rabbit antibody of anti-Collagen II (1:200, Affinity, USA, Catalog AF0135), anti-Collagen X (1:250, Affinity, USA, Catalog DF13214), anti-Aggrecan (1:200, Abcam, USA, Catalog ab216965), and anti-MMP13 (1:250, Affinity, USA, Catalog AF5355) at 4°C overnight. After being washed with PBS thrice, these slides were incubated with peroxidase-conjugated secondary antibody for 2 h at room temperature. Finally, these slides were incubated in ABC complex for 30 min. Staining was detected with 3,3′-diaminobenzidine (DAB) peroxide substrate solution for 3 min, followed by rinsing in distilled water. The sections were dehydrated by graded ethanol, cleared in xylene, and mounted with permount medium after counterstaining with Gill’s hematoxylin solution for 3 min. The results were analyzed and photographed by a digital microscope (Nikon, Japan).



TUNEL Assay (Apoptosis Analysis)

The TUNEL assay was performed according to the manufacturer’s protocol (Roche, USA). Briefly, the apoptotic GP cells were identified by terminal deoxynucleotidyl transferase (TdT)-mediated deoxy UTP nick end labeling (TUNEL) IHC. The DAB method was used to detect the staining. The positive cells were counted within the GP and presented as a percentage of the total cells.



Quantification of Immunohistochemistry Staining

The semiquantitative analysis method was used to evaluate the intensity of these immunoreactivity, measured by histological score (HSCORE) according to our previous study (23). The average results were addressed in a ×40 image. Briefly, the immunohistochemical localization was evaluated in a semiquantitative fashion focused on the intensity of staining area. The immunoreactive intensity of COL II, aggrecan, COL X, MMP13, ERα, and ERβ was assessed semiquantitatively according to categories of intensity: 0, no staining; 1, weak but detectable staining; 2, moderate or distinct staining; and 3, intense staining. In each field, the staining area was evaluated by summing the percentages of the area. The total score of each group was calculated as follows: HSCORE = Σi I × Pi (i represents the score of intensity, and Pi is the corresponding percentage of the areas).



Femur Growth Plate Harvest and RNA Extraction

The distal femur or vertebrae were median incised using a surgical blade, and the GP can be seen under the field of a microscope. Micro-forcep was used to harvest the GP tissue. The harvested GP tissues were immediately placed in TRIzol reagent (Life Technologies). A homogenizer was used to make the homogenized GP. Then, the total RNA was extracted according to our previous studies (23, 25). NanoDrop spectrophotometer was used to quantify RNA, and 0. 5 μg was reverse transcribed into cDNA.



Real-Time Quantitative PCR

Gene expression was evaluated by qPCR using a Roche LightCycler® 480II (Roche Diagnostics). PCR amplification was performed with TB green premix Ex Taq (Takara) according to the manufacturer’s instructions. The forward and reverse primer sequences were as follows: ERα: 5′-CCTCCCGCCTTCTACAGGT-3′ and 5′-CACACGGCACAGTAGCGAG-3′; ERβ: 5′-CTGTGCCTCTTCTCACAAGGA-3′ and 5′-TGCTCCAAGGGTAGGATGGAC-3′; β-actin: 5′-GGCTGTATTCCCCTCCATCG-3′ and 5′-CCAGTTGGTAACAATGCCATGT-3′. The progress of qPCR contained two steps: first, an initial 30 s of heating to 95°C and then 20 cycles consisting of 5 s at 95°C followed by 20 s at 60°C. The ΔΔCt method was used to evaluate the transcript levels, and data were normalized for input based on β-actin and expressed relative to mice in the control group.



Western Blotting Analysis

The distal femur or vertebrae were median incised using a surgical blade, and the GP can be seen under the field of a microscope. All GP tissues were lysed in radioimmunoprecipitation assay (RIPA) buffer (Beyotime, Jiangsu, China), and the protein concentration was analyzed using the bicinchoninic acid (BCA) kit (Beyotime, Jiangsu, China). The tissue lysates (35 μg) were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) using electrophoresis, and then the proteins were transferred to polyvinylidene difluoride (PVDF) membrane. After being blocked with 5% non-fat milk for 1 h, the membranes were incubated with primary anti-ERα (1:1,000, affinity, USA, Catalog No. AF6058), anti-ERβ (1:1,000, affinity, USA, Catalog No. AF6469), and GAPDH (1:5,000, ProteinTech, China, Catalog No. 10494-1-AP) at 4°C overnight. After being washed thrice with PBS, the membranes were incubated with an appropriate secondary antibody. Finally, the membranes were determined by Bio-Rad ChemiDoc (Bio-Rad Laboratories, Inc., USA) and were quantified by ImageJ software.



Statistical Analysis

All the data were presented as mean ± SD. The unpaired t-test was used to analyze the differences in parameters between WT and ob/ob mice, the differences between control group and treated groups were analyzed by one-way ANOVA methods, and post-hoc analysis was carried out with Bonferroni’s test. Spearman’s correlation analysis was performed to correlate the HSCORE of ERα and limb/spine length. A p-value <0.05 was considered as statistically significant. Statistical analysis was performed using the SPSS (IBM, 22.0, USA) software.




Results

At the end of mice’s puberty, X-ray was performed to collect images of the femur and lumbar spine. As shown in Figure 1, the femur of ob/ob mice was shorter than that of WT mice, and the lumbar length of ob/ob mice was longer than that of WT mice, which suggested that leptin deficiency mice had the contrasting phenotypes between femoral and lumbar spinal growth compared with those of WT mice. H&E staining of femoral and vertebral sections was used to investigate the thickness of GP in WT mice and ob/ob mice. The body weight (Figure 1D) of ob/ob mice was higher than that of WT mice at the beginning of the experiment (4-week-old mice), which was in line with the phenotype of obese ob/ob mice. The femur GP height of ob/ob mice was thinner than that of WT mice (Figures 2A, B), while the spinal GP of ob/ob mice was thicker than that of WT mice (Figures 2F, G). Additional histological analysis for the proliferative zone and hypertrophic zone of femur GP showed that both zones were decreased in the ob/ob mice compared with WT mice (Figure 2C), while the ratio of hypertrophic/proliferative zone of femoral GP was higher in ob/ob mice than in WT mice (Figures 2D, E). Located at the spinal GP, the proliferative zone in ob/ob mice was thicker than that of WT mice. However, there was no difference in the hypertrophic/proliferative zone ratio between ob/ob and WT mice (Figures 2G–J).




Figure 1 | Comparison of body length between wild-type (WT) mice and ob/ob mice at the end of 8 weeks. (A) X-ray plain film of WT and ob/ob mice. (B) Femur length. (C) Spine length. (D) Body weight. Values are means ± SD. n = 6, ****p < 0.0001.






Figure 2 | Comparison of femur and vertebrae growth plate length, proliferative and hypertrophic zone between wild type mice and ob/ob mice at the end of 8 weeks using HE staining method. R, resting zone; P, proliferative zone and H, hypertrophic zone. (A) Femur growth plate HE staining; (B) The height of femur GP; (C) The height of proliferative zone in femur GP; (D) The height of hypertrophic zone in femur GP; (E) Ratios of proliferative/hypertrophic zones in femur GP; (F) Spinal growth plate (SGP) HE staining; (G) The height of SGP; (H) The height of proliferative zone in SGP. (I) The height of hypertrophic zone in SGP; (J) Ratios of proliferative/hypertrophic zones in Spinal GP. Scale bar: 40μm; n=12 each group. Values are means±SD, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, ns denoted not significant.



During the terminal differentiation procedure, GP hypertrophic chondrocytes undergo apoptosis with calcification of cartilaginous matrix followed by deposition of new bone. The positive number of TUNEL (+) chondrocytes at the hypertrophic zone were evaluated using a percentage of the total number of cells in the hypertrophic zone. At the end of our experiment (12-week-old WT mice), the mean percentage of apoptotic TUNEL-positive cells among the femur GP hypertrophic chondrocytes was 14.38 (Figure 3A). However, in 12-week-old ob/ob control mice, the percentage of apoptotic vertebral GP chondrocytes in the hypertrophic zone was greater (35.1%). The apoptosis rate in the vertebral GP chondrocytes of ob/ob mice was lower than that of WT mice (Figure 3B).




Figure 3 | Comparison of femur (A) and spinal (B) growth plate apoptosis between wild type mice and ob/ob mice using TUNEL method, and percentages of positive cells were calculated. Black arrow determines the positive cell, and red arrow determines negative cell. Scale bar: 20μm; n=6 in each group, ***P < 0.001.



The above results showed that ob/ob mice have opposite growth pattern between axial and appendicular growth compared with that of WT mice at the end of pubertal time. To determine the proliferation and hypertrophy fate of GP chondrocytes in the femur and spine, we performed IHC staining with proliferative marker (collagen II and aggrecan) and hypertrophic marker (collagen X and MMP13) on the femur and spinal GP (Figure 4). Collagen II and aggrecan were decreased in the femur GP of ob/ob mice compared with those of WT mice (Figure 4). Interestingly, we found that the expression of collagen II and aggrecan was higher in the spinal GP of ob/ob mice compared with the WT mice or the femur GP of ob/ob mice (Figure 5). Similarly, the expression of collagen X and MMP13 was also decreased in the femur GP of ob/ob mice, while the hypertrophic markers were highly expressed in the spinal GP of ob/ob mice. Overall, the reverse expression pattern of differentiation and hypertrophic markers demonstrated that leptin deficiency decreased the femur length via decreasing the expression of proliferative and hypertrophic marker genes and increasing the spinal length by enhancing these markers’ expression.




Figure 4 | Comparison of femur and vertebral growth plate chondrocyte proliferation and hypertrophic markers between wild-type (WT) mice and ob/ob mice using immunohistochemistry (IHC) staining method, including collagen II (A, E), aggrecan (B, F), Col X (C, G), and MMP13 (D, H). Comparison of HSCORE of proliferation and hypertrophic markers between femur and vertebral growth plate in WT or ob/ob mice (I–L). Scale bar: 20 μm; n = 6 in each group, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns denotes not significant.






Figure 5 | The expression level of estrogen receptors (ERs) in femur and spine. (A) Western blotting results of expression level of ERα and ERβ in femoral and spine growth plate (GP), n = 3. (B–E) Semiquantitative analysis of ER expression levels. (F) Quantitative real-time PCR results of ER genes in femoral and vertebral GP, n = 4. (G–J) Immunohistochemistry (IHC) results of expression level of ERα and ERβ in femoral and vertebral GP, n = 6. Scale bar: 20 μm. (K) Comparison of ERα HSCORE between femoral and spine GP (FGP, femoral growth plate; SGP, spine growth plate). (L, M) Results of Spearman’s analysis between ERα HSCORE and femur/spine length. *p < 0.05, ***p < 0.001 and ****p < 0.0001; ns denotes not significant.



Previous studies have reported that ERs (α and β) play an important role in regulating the longitudinal bone growth. To further investigate mechanisms of contrasting growth phenotype of axial and appendicular growth, the Western blotting (WB), IHC, and qPCR methods were used to determine whether an opposite expression pattern of ERs existed in the femur and spinal GP (Figure 6). Interestingly, we found that the expression level of ERα was not only decreased in the femur GP of ob/ob mice. The spinal GP of ob/ob mice highly expressed the ERα compared with spinal GP of WT mice or the femur GP of ob/ob mice. In addition, the results of Spearman’s analysis showed that axial length and appendicular length were positively correlated with the expression level of ERα (Figures 5L, M). Collectively, the region-specific expression of ERα in the spinal and femur GP of ob/ob mice may play a role in the reverse growth pattern between axial and appendicular bone growth.




Figure 6 | Leptin deficiency disturbs the regulatory effects of estrogen receptor-selective antagonists on the body length. (A) X-ray plain film of wild-type (WT) and ob/ob mice. (B) Femur length. (C) Spine length. (D) Body weight. Values are means ± SD. n = 6, *p < 0.05, **p < 0.01 and ****p < 0.0001; ns denotes not significant.



In order to determine the role of ERα in skeletal growth pattern of ob/ob mice, ERα and ERβ antagonists (MPP and PHTPP) were used. As shown in Figure 7, in the WT mice, blocking ERα led to a decreased femur length, and blocking ERβ resulted in an increased femur length compared with that in the non-treated WT mice. Furthermore, ER antagonists did not present regulative effects on the spinal length. The results of H&E staining, as shown in Figure 7, also showed that blocking ERα resulted in a thinner femur GP, and blocking ERβ increased the thickness of femur GP compared with that in non-treated WT mice, while ER antagonists did not influence the vertebral GP. These data were in line with our previous study (23). However, in ob/ob mice, any kind of ER antagonists did not present regulatory effects on the femur length and GP. Collectively, these data demonstrated that the absence of leptin might disturb the regulatory effects of ERs on the femur growth pattern. Precision mechanisms of region-specific ERα expression in femoral and vertebral GP in ob/ob mice still need to be explored in the future.




Figure 7 | Leptin deficiency disturbs the regulatory effects of estrogen receptor-selective antagonists on the femur growth plate (GP) thickness and proliferative and hypertrophic zone using H&E staining method (A–E). (A) Femur GP H&E staining. (B) The height of GP in the femur GP. (C) The height of proliferative zone in the femur GP. (D) The height of hypertrophic zone in femur GP. (E) Ratios of proliferative/hypertrophic zones in femur GP. Leptin deficiency disturbs the regulatory effects of estrogen receptor-selective antagonists on the vertebral GP length, and proliferative and hypertrophic zone using H&E staining method (F–J). (F) Vertebral GP H&E staining. (G) The height of GP in the vertebral GP. (H) The height of proliferative zone in the vertebral GP. (I) The height of hypertrophic zone in vertebral GP. (J) Ratios of proliferative/hypertrophic zones in vertebral GP. Scale bar: 40 μm; n = 6 each group. Values are means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns denotes not significant.





Discussion

Although the contrasting phenotypes in bone of the limb and spine were observed in leptin deficiency mice, the reason and mechanisms remain unclear and need to be explored. The current study provides further evidence for the effects of leptin deficiency on the contrasting phenotypes on axial and appendicular bone growth, in which leptin deficiency results in region-specific expression of ERα at the femoral and vertebral GP in ob/ob female mice. According to the axial and appendicular bone length results, we showed that ob/ob mice have a shorter femur length and a longer spinal length than WT mice. IHC staining results also showed opposite results of proliferative and hypertrophic markers in femoral and spinal GP of ob/ob mice. Expression of ERs using IHC, WB, and qPCR methods demonstrated that femur GP has a lower level of ERα, and spinal GP has a higher level of ERα in ob/ob mice compared with those of WT mice. No differences were observed in the expression of ERβ of ob/ob mice compared with WT mice. Spearman’s analysis showed that body length was positively correlated with the expression level of ERα. Antagonists of ERs showed a different regulatory effect on femur length in WT mice, but blocking different ERs did not present regulatory effects on the skeletal longitudinal growth in ob/ob mice. Taken together, our data suggested that the contrasting phenotypes in bone growth of spine and limb induced by leptin deficiency may partially attribute to region-specific expression of ERα in the femoral and spinal GP. Leptin deficiency also blunted the regulatory effects of ER antagonists on the longitudinal growth in ob/ob mice. Still, the underlying mechanisms of the cross talk between leptin and ER signaling need to be studied in the future.

Puberty was the second growth peak in mammals. Except for the secondary sexual characteristics, body longitudinal growth was one of the important markers of the puberty (27). In addition to the regulation of metabolism and reproduction, leptin was reportedly important for the skeletal bone growth (12). Recently, leptin deficiency has been shown to lead to a shorter femoral length and a longer vertebrae length compared with WT mice using the 6-month-old and prepubertal female ob/ob mice (7, 28, 29). Supplementation of leptin has been shown to increase femoral length in ob/ob mice, but it could not achieve absolute re-established length as compared with WT mice (28, 30). In the present study, we confirmed that leptin deficiency induced a shorter femoral length and a longer vertebrae length in the post-pubertal (12-week old) ob/ob mice compared with WT mice, which suggested that the absence of leptin may be the primary factor for the contrasting growth pattern between limb and spine during the whole life of ob/ob female mice. Previous studies have shown that leptin receptor was expressed in cartilaginous skeletal growth centers, articular cartilage, and osteoblasts (31, 32). Our previous study also showed that leptin receptor was expressed in the femur and spinal GP (33). The in situ expression of leptin receptor at the GP supported that leptin directly affected the GP. GP thickness was an important histological marker for the longitudinal bone growth (34). Here, we focused on the GPs and found that the femoral GP was thinner than that of WT mice, and the spinal GP was thicker than that of WT mice. Leptin deficiency decreased the proliferative zone and hypertrophic zone height in the femoral GP compared with the WT mice, but the ratio of hypertrophic/proliferative zone was higher in ob/ob mice. The contrasting GP patterns of the femur and vertebrae were in line with the general femoral and spinal length observation. As we know, endochondral ossification was the major process that contributed to skeletal bone longitudinal growth (9). During this procedural transition from cartilage to bone, the potential abilities of chondrocyte proliferation and hypertrophy were important for GP thickness and were further responsible for longitudinal bone growth (35). Chondrocytes in different phases of GP secreted unique matrix proteins. Collagen II and aggrecan were used as the markers of GP cellular proliferation. Meanwhile, collagen X and MMP13 were the typical features of GP hypertrophy (36–38). The results of our study demonstrated that leptin deficiency decreased the expression of extracellular matrix marker proteins in femur GP as compared with those in the WT mice, which was in line with the results of Tuner and colleagues (28). Interestingly, the extracellular matrix makers were at a higher level in the spinal GP as compared with those in the spinal GP of WT mice and the femur GP of ob/ob mice. Collectively, the results of the extracellular matrix maker expression patterns in femoral and spinal GP support the contrasting phenotypes in bone growth of the limb and spine.

To explore the mechanism of this interesting phenomenon, we further focused on the expression of ERs in the femoral and spinal GP. Estrogen was a key hormone in puberty of female mammals, and it was also an important factor that may influence the process of skeletal bone line growth (36). ERs mediated cellular response of estrogen, and previous studies using different global ER knock-out mouse models have suggested that ERα and ERβ presented opposing effects on longitudinal bone growth in female mice (20, 22, 39). ERβ knock-out adult mice have increased skeletal length compared with WT female mice, while ERα knock-out mice presented decreased longitudinal bone growth (20, 22). A previous study has shown that the expression level of ERs (especially ERα) was high at the arcuate nucleus in ob/ob mice (40). Furthermore, in our previous studies (24, 25), there were cross-talk effects between leptin and ERs in vitro. However, no reports have been focused on the expression pattern of ERs located at the spinal and femoral GP in ob/ob mice in vivo. In the present study, our data first showed that the expression level of ERα was lower in the femoral GP of ob/ob mice compared with the WT mice, and the level of ERα was higher in the spinal GP of ob/ob mice compared with WT mice or the femoral GP of ob/ob mice. In addition, there were no significant changes in ERβ located at the femoral and spinal GP. ERα was considered as a growth promoter in the skeletal development (20, 39). These interesting findings of our study may partially explain the mechanisms of contrasting phenotypes in bone growth of limb and spine. Low expression of ERα in femoral GP resulted in short limbs, and high expression of ERα in spinal GP resulted in long vertebrae. The expression level of ERα was positively correlated with axial and appendicular bone length according to the results of Spearman’s analysis. Furthermore, ER antagonists were used to determine the role of ERα in regulating the longitudinal bone growth. In line with our previous study (23), the present data showed that ERα blocking directly resulted in decreasing appendicular longitudinal growth, whereas ERβ blocking led to increasing appendicular longitudinal growth in the WT mice. However, selective ER antagonists did not present regulative effects on the longitudinal growth of the ob/ob mice. Taken together, our results show that leptin deficiency directly induced the different expression patterns of ERα at femoral and vertebral GP and low serum estradiol level in ob/ob mice during puberty, and the regulative effects of ER antagonists were disturbed by the absence of leptin. Given the complex effects of leptin deficiency in regulating the bone growth, more specific mechanisms are needed to be explored.

In conclusion, we found that leptin deficiency presented contrasting phenotypes in axial and appendicular growth of ob/ob mice at the end of puberty, with reduced level of proliferative and hypertrophic markers in femoral GP and an increased level of these markers in spinal GP. Furthermore, we first found a significant change of expression of ERα located at femoral and spinal GP (lower in femoral GP and higher in spinal GP as compared with that in WT mice). These findings suggested that region-specific expression of ERα might be associated with the formation of contrasting phenotypes of axial and appendicular bone growth in the ob/ob mice. However, further studies are needed to clarify the relation between ERs and leptin in regulating endochondral ossification.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by the animal experiment ethical committee of Peking University People’s Hospital.



Author Contributions

X-FL and H-YL designed the study. L-YJ and CG performed all experiments. L-YJ and SX analyzed data. L-YJ prepared the figures. L-YJ and X-FL wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (No. 81772292) and the Procurement of Government of National Health Commission of China (No. 2127000218).



References

1. Turner, RT, Kalra, SP, Wong, CP, Philbrick, KA, Lindenmaier, LB, Boghossian, S, et al. Peripheral Leptin Regulates Bone Formation. J Bone Miner Res: Off J Am Soc Bone Miner Res (2013) 28(1):22–34. doi: 10.1002/jbmr.1734

2. Büyükgebiz, B, Oztürk, Y, Yilmaz, S, and Arslan, N. Serum Leptin Concentrations in Children With Mild Protein-Energy Malnutrition and Catch-Up Growth. Pediatr Int: Off J Jpn Pediatr Soc (2004) 46(5):534–8. doi: 10.1111/j.1442-200x.2004.01951.x

3. Maqsood, AR, Trueman, JA, Whatmore, AJ, Westwood, M, Price, DA, Hall, CM, et al. The Relationship Between Nocturnal Urinary Leptin and Gonadotrophins as Children Progress Towards Puberty. Horm Res (2007) 68(5):225–30. doi: 10.1159/000101335

4. Montague, CT, Farooqi, IS, Whitehead, JP, Soos, MA, Rau, H, Wareham, NJ, et al. Congenital Leptin Deficiency Is Associated With Severe Early-Onset Obesity in Humans. Nature (1997) 387(6636):903–8. doi: 10.1038/43185

5. Ozata, M, Ozdemir, IC, and Licinio, J. Human Leptin Deficiency Caused by a Missense Mutation: Multiple Endocrine Defects, Decreased Sympathetic Tone, and Immune System Dysfunction Indicate New Targets for Leptin Action, Greater Central Than Peripheral Resistance to the Effects of Leptin, and Spontaneous Correction of Leptin-Mediated Defects. J Clin Endocrinol Metab (1999) 84(10):3686–95. doi: 10.1210/jcem.84.10.5999

6. Farooqi, IS, Jebb, SA, Langmack, G, Lawrence, E, Cheetham, CH, Prentice, AM, et al. Effects of Recombinant Leptin Therapy in a Child With Congenital Leptin Deficiency. New Engl J Med (1999) 341(12):879–84. doi: 10.1056/NEJM199909163411204

7. Kishida, Y, Hirao, M, Tamai, N, Nampei, A, Fujimoto, T, Nakase, T, et al. Leptin Regulates Chondrocyte Differentiation and Matrix Maturation During Endochondral Ossification. Bone (2005) 37(5):607–21. doi: 10.1016/j.bone.2005.05.009

8. Lee, K, Lanske, B, Karaplis, AC, Deeds, JD, Kohno, H, Nissenson, RA, et al. Parathyroid Hormone-Related Peptide Delays Terminal Differentiation of Chondrocytes During Endochondral Bone Development. Endocrinology (1996) 137(11):5109–18. doi: 10.1210/endo.137.11.8895385

9. Kronenberg, HM. Developmental Regulation of the Growth Plate. Nature (2003) 423(6937):332–6. doi: 10.1038/nature01657

10. Alvarez, J, Horton, J, Sohn, P, and Serra, R. The Perichondrium Plays an Important Role in Mediating the Effects of TGF-Beta1 on Endochondral Bone Formation. Dev Dyn: Off Publ Am Assoc Anat (2001) 221(3):311–21. doi: 10.1002/dvdy.1141

11. Nakajima, R, Inada, H, Koike, T, and Yamano, T. Effects of Leptin to Cultured Growth Plate Chondrocytes. Horm Res (2003) 60(2):91–8. doi: 10.1159/000071877

12. Maor, G, Rochwerger, M, Segev, Y, and Phillip, M. Leptin Acts as a Growth Factor on the Chondrocytes of Skeletal Growth Centers. J Bone Miner Res: Off J Am Soc Bone Miner Res (2002) 17(6):1034–43. doi: 10.1359/jbmr.2002.17.6.1034

13. Kume, K, Satomura, K, Nishisho, S, Kitaoka, E, Yamanouchi, K, Tobiume, S, et al. Potential Role of Leptin in Endochondral Ossification. J Histochem Cytochem: Off J Histochem Soc (2002) 50(2):159–69. doi: 10.1177/002215540205000204

14. Gat-Yablonski, G, Shtaif, B, and Phillip, M. Leptin Stimulates Parathyroid Hormone Related Peptide Expression in the Endochondral Growth Plate. J Pediatr Endocrinol Metabol: JPEM (2007) 20(11):1215–22. doi: 10.1515/JPEM.2007.20.11.1215

15. Zhang, Y, Proenca, R, Maffei, M, Barone, M, Leopold, L, and Friedman, JM. Positional Cloning of the Mouse Obese Gene and its Human Homologue. Nature (1994) 372(6505):425–32. doi: 10.1038/372425a0

16. Mantzoros, CS, Magkos, F, Brinkoetter, M, Sienkiewicz, E, Dardeno, TA, Kim, SY, et al. Leptin in Human Physiology and Pathophysiology, American Journal of Physiology. Endocrinol Metab (2011) 301(4):E567–84. doi: 10.1152/ajpendo.00315.2011

17. Barash, IA, Cheung, CC, Weigle, DS, Ren, H, Kabigting, EB, Kuijper, JL, et al. Leptin Is a Metabolic Signal to the Reproductive System. Endocrinology (1996) 137(7):3144–7. doi: 10.1210/endo.137.7.8770941

18. Burguera, B, Hofbauer, LC, Thomas, T, Gori, F, Evans, GL, Khosla, S, et al. Leptin Reduces Ovariectomy-Induced Bone Loss in Rats. Endocrinology (2001) 142(8):3546–53. doi: 10.1210/endo.142.8.8346

19. Turner, RT, Riggs, BL, and Spelsberg, TC. Skeletal Effects of Estrogen. Endocr Rev (1994) 15(3):275–300. doi: 10.1210/edrv-15-3-275

20. Vidal, O, Lindberg, M, Sävendahl, L, Lubahn, DB, Ritzen, EM, Gustafsson, JA, et al. Disproportional Body Growth in Female Estrogen Receptor-Alpha-Inactivated Mice. Biochem Biophys Res Commun (1999) 265(2):569–71. doi: 10.1006/bbrc.1999.1711

21. Lindberg, MK, Alatalo, SL, Halleen, JM, Mohan, S, Gustafsson, JA, and Ohlsson, C. Estrogen Receptor Specificity in the Regulation of the Skeleton in Female Mice. J Endocrinol (2001) 171(2):229–36. doi: 10.1677/joe.0.1710229

22. Chagin, AS, Lindberg, MK, Andersson, N, Moverare, S, Gustafsson, JA, Sävendahl, L, et al. Estrogen Receptor-Beta Inhibits Skeletal Growth and has the Capacity to Mediate Growth Plate Fusion in Female Mice. J Bone Miner Res: Off J Am Soc Bone Miner Res (2004) 19(1):72–7. doi: 10.1359/JBMR.0301203

23. Jin, LY, Lv, ZD, Su, XJ, Xu, S, Liu, HY, and Li, XF. Region-Specific Effects of Blocking Estrogen Receptors on Longitudinal Bone Growth. J Endocrinol (2021) 250(1):13–24. doi: 10.1530/JOE-21-0049

24. Wang, SJ, Li, XF, Jiang, LS, and Dai, LY. Leptin Regulates Estrogen Receptor Gene Expression in ATDC5 Cells Through the Extracellular Signal Regulated Kinase Signaling Pathway. J Cell Biochem (2012) 113(4):1323–32. doi: 10.1002/jcb.24005

25. Li, XF, Wang, SJ, Jiang, LS, and Dai, LY. Stage Specific Effect of Leptin on the Expressions of Estrogen Receptor and Extracellular Matrix in a Model of Chondrocyte Differentiation. Cytokine (2013) 61(3):876–84. doi: 10.1016/j.cyto.2012.12.017

26. Li, XM, Yang, Q, Li, XB, Cheng, Q, Zhang, K, Han, J, et al. Estrogen-Like Neuroprotection of Isopsoralen Against Spinal Cord Injury Through Estrogen Receptor Erα. Metab Brain Dis (2017) 32(1):259–65. doi: 10.1007/s11011-016-9913-z

27. Albrethsen, J, Ljubicic, ML, and Juul, A. Longitudinal Increases in Serum Insulin-Like Factor 3 and Testosterone Determined by LC-MS/MS in Pubertal Danish Boys. J Clin Endocrinol Metab (2020) 105(10):dgaa496. doi: 10.1210/clinem/dgaa496

28. Turner, RT, Philbrick, KA, Kuah, AF, Branscum, AJ, and Iwaniec, UT. Role of Estrogen Receptor Signaling in Skeletal Response to Leptin in Female Ob/Ob Mice. J Endocrinol (2017) 233(3):357–67. doi: 10.1530/JOE-17-0103

29. Hamrick, MW, Pennington, C, Newton, D, Xie, D, and Isales, C. Leptin Deficiency Produces Contrasting Phenotypes in Bones of the Limb and Spine. Bone (2004) 34(3):376–83. doi: 10.1016/j.bone.2003.11.020

30. Steppan, CM, Crawford, DT, Chidsey-Frink, KL, Ke, H, and Swick, AG. Leptin is a Potent Stimulator of Bone Growth in Ob/Ob Mice. Regul Pept (2000) 92(1–3):73–8. doi: 10.1016/S0167-0115(00)00152-X

31. Reseland, JE, Syversen, U, Bakke, I, Qvigstad, G, Eide, LG, Hjertner, O, et al. Leptin is Expressed in and Secreted From Primary Cultures of Human Osteoblasts and Promotes Bone Mineralization. J Bone Miner Res: Off J Am Soc Bone Miner Res (2001) 16(8):1426–33. doi: 10.1359/jbmr.2001.16.8.1426

32. Figenschau, Y, Knutsen, G, Shahazeydi, S, Johansen, O, and Sveinbjörnsson, B. Human Articular Chondrocytes Express Functional Leptin Receptors. Biochem Biophys Res Commun (2001) 287(1):190–7. doi: 10.1006/bbrc.2001.5543

33. Li, XF, Yan, J, Jiang, LS, and Dai, LY. Age-Related Variations of Leptin Receptor Expression in the Growth Plate of Spine and Limb: Gender- and Region-Specific Changes. Histochem Cell Biol (2011) 135(5):487–97. doi: 10.1007/s00418-011-0805-3

34. Wilson, K, Usami, Y, Hogarth, D, Scheiber, AL, Tian, H, Oichi, T, et al. Analysis of Association Between Morphometric Parameters of Growth Plate and Bone Growth of Tibia in Mice and Humans. Cartilage (2020) 30:1947603519900800. doi: 10.1177/1947603519900800

35. Mackie, EJ, Ahmed, YA, Tatarczuch, L, Chen, KS, and Mirams, M. Endochondral Ossification: How Cartilage Is Converted Into Bone in the Developing Skeleton. Int J Biochem Cell Biol (2008) 40(1):46–62. doi: 10.1016/j.biocel.2007.06.009

36. Ağırdil, Y. The Growth Plate: A Physiologic Overview. EFORT Open Rev (2020) 5(8):498–507. doi: 10.1302/2058-5241.5.190088

37. Samsa, WE, Zhou, X, and Zhou, G. Signaling Pathways Regulating Cartilage Growth Plate Formation and Activity. Semin Cell Dev Biol (2017) 62:3–15. doi: 10.1016/j.semcdb.2016.07.008

38. Wuelling, M, and Vortkamp, A. Chondrocyte Proliferation and Differentiation. Endocr Dev (2011) 21:1–11. doi: 10.1159/000328081

39. Börjesson, AE, Lagerquist, MK, Liu, C, Shao, R, Windahl, SH, Karlsson, C, et al. The Role of Estrogen Receptor α in Growth Plate Cartilage for Longitudinal Bone Growth. J Bone Miner Res: Off J Am Soc Bone Miner Res (2010) 25(12):2690–700. doi: 10.1002/jbmr.156

40. Chakraborty, S, Sachdev, A, Salton, SR, and Chakraborty, TR. Stereological Analysis of Estrogen Receptor Expression in the Hypothalamic Arcuate Nucleus of Ob/Ob and Agouti Mice. Brain Res (2008) 1217:86–95. doi: 10.1016/j.brainres.2008.04.031




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Jin, Guo, Xu, Liu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-12-749449-g005.jpg
Spine

Femur

ERB

Femur

1.5

Femur

Hadvo/d

e

HAadvo/my3

(-}
14
w

=3

u3

)
s

WT ob/ob

GAPDH

GAPDH

0.0:

-
s

WT ob/ob

oblob

wT

oblob

wT

Spine

Spine

ERP

ERa

oblob

oblob

5 £
dos u! =
3 Jo uoissaidxa aAne|aY T T oL & &4
3 g 8 8 8 8 ° §gIRreges
£ 3 {Asysuienuy ny3) (Ansuayu) gu3)
8 JMOOSH L]
Um‘-’u\ ARy
. ¢
2
2|8
‘al
[
£
anwa4 up
uojssaidxg auag aAneRy _—
2
a 3
m °
3
.
m 2
2 2 3 & g © 2 2 g 8 g ©
2 8 8 8 8 2 8 8 8 8
& T P B & ] & 2 & & 2 2
N < an s (Aysusu) oy3) (Aysuayu) gya)
Hadvo/du3 FOOSH FUOOSH
g
2 ke
3 5|2
£
S
£ uw

15

c

Hadvomy3

0.0

ob/ob ctrl

ob/ob ctrl

wr
=0.743
=0.006

.
.
s

&L & 2 & &
8§ 88 8 8§ 8§
§ 8 8 8 88§
4O Ut DY 10 IHOOSH

-
g2
e &

« T
* |9
*

i Tﬂ
*

*

*

*

FHOISH

=%
o~

76 78 80

74
Femur length

oblob

wWT

Spine length





OEBPS/Images/fendo-12-749449-g003.jpg
oblob

|
S

.Al \ut r ...‘

d9 Jnwa4 jo ZH ul
(%) s11eD @AnIsod 1aNNL

-

N4

&.,

-

frs

WIS

Inwa4

5
B, |

B
&
e

fal

do leuids jo zH ui
(%) sl @ABIsod TaNNL

ob/ob

WT

.irn

:1. rd.,





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Role of Estrogen Receptor α in Response to Longitudinal Bone Growth in ob/ob Mice

      

        		

          Introduction

        



        		

          Methods and Materials

        

          		

            Animals

          



          		

            Experimental Procedures

          



          		

            X-Ray Radiography Image

          



          		

            Tissue Sample Length Measurements and Collection

          



          		

            Quantitative Histology of Axial and Appendicular Growth Plate Using H&E Staining

          



          		

            Immunohistochemistry

          



          		

            TUNEL Assay (Apoptosis Analysis)

          



          		

            Quantification of Immunohistochemistry Staining

          



          		

            Femur Growth Plate Harvest and RNA Extraction

          



          		

            Real-Time Quantitative PCR

          



          		

            Western Blotting Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-12-749449-g007.jpg
20
0.0

e
doasut
w oiydoapsedAyjeanesapiold jo oney - awydospadAysaanessyijosd jo oney

<
H ¢
*a
8 & 2 °
(wrd)
[a) — auoz siydospadAy 4os
i a—— D
Sy e——
CC—— PN
o
3 : e,
: Hoel v o %
2 % 4
f o
| e —
2 < 8 °
(wri) (wrl)
[8) auoz aapeseyiold 494 i auoz aAanesayljold dOS
= T Tl
= o | B e,
. 2 “%
= P
TR — ; T iy
* * H 0
I e, & T,
03
= £ Tt
| o e e
b — —
BRI & & =
) © 1?:_:
yBiay ajeid Ymosb inway JB1oy 23e1d UwoIB uids
m 10}





OEBPS/Images/fendo-12-749449-g006.jpg
Body Weight (g)

ob/ob+MPP

WT+PHTPP

ob/ob+PHTPP

WT
WT+MPP
—— WT+PHTPP
ob/ob ctrl
—— ob/ob MPP
—— ob/ob PHTPP

10.5

Spine Length (mm)
g22
o o
_ ¥
:
o+

R L R R
L KR 0 &K
€L 4
4(\’8 \<>"Q
5\ 6°.°\6°
o





OEBPS/Images/fendo-12-749449-g001.jpg
ob/ob

A J
.w =
= 8
B
b "
N O Wo WwoWmowo 01
B23%3883RkK_ee
(B) 3uBrom Apog
8
* = )
* o
*
* =
E
—r T\
N - o o o
- - -
(ww) yibue suidg
[ -3
o
¥ 3
o

Fok Kk
|
|

wWT

n o 0 o
~N N © ©

(ww) ybua Inway

0.0

Week





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-12-749449-g002.jpg
ob/ob

kK k
ob/ob

WT

do4 ul
aAnesajijosd/oydoipiadAy jo oney

(wrl)
a ?@uoz oydouysadAy 494

i1
-
ob/ob

*
* - —
X
o =
bt .. W
o © © © © © © =]
0 N~ © 1 T MmN
(wrl)
o auoz aAnesajord 494
< 8
* - 2
* —l o
x
] =
M ~ &4 2
-|-|-|-|-|/
= o o o o o
® © % & © =
I O G
(wrl)

ybi1ay ajerd ymoub anwa4

WT obl/ob

dos ut
aAnesajjoid/oydoapiadAy jo oney

WT oblob

0 o v o

< ¥ ® ® N «
(wrl)

auoz olydosysadAy dog

WT oblob

(wrl)
auoz aApesayold dOs

(wrl)
b1ay ajeld yimoub jeurdg





OEBPS/Images/fendo-12-749449-g004.jpg
ob/ob

50
of
5

(Ayisuoiul ¢1dININ)
FYOOSH

=3 =3

FHOOSH
3 8 8
(Ansuaju uedei66y)
JHOISH
o ° )
E & =
(Ansuayuy || uabejjon)
FHOOSH

oblob

WT

°

ob/ob

wWT

50
0
5

(Rususiul €1LdNIN)
JHOOSH

3 o =) o
n S o

(Ayisuayu) X uabeljon)

JHOOSH
-3 o o o °
R B3 =
(Ayisusjui uesaubby)
IHOISH
o o o o o
& B &8 &

(Ayisuayu) || uebejjoD)
FHUOISH

ob/ob

WT

oblob

wWT

ob/ob

WT

ob/ob

T

w

) 8 E] = =

(Rysueiul cLdWN)
IVOOSH

o Femur
» Spine

il

L]
20

mmmo
(Msueju; x usBe|00)
IHOOSH

o Femur
v Spine

Riid

=2 8 = =

5
i
H

(AaSULILI UE9.BBY)
Su0OSH

260
200

o Femur
+ Spine

g 2

H s =

(Asueiul 11 uebel0D)
30OSH

oblob

wr





OEBPS/Images/fendo.2021.749449_cover.jpg
, frontlers
n Endocrinology

The Role of Estrogen Receptor a
in Response to Longitudinal Bone
Growth in ob/ob Mice





