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Abstract

:

Recent studies have demonstrated that erythropoietin (EPO) treatment in mice results in trabecular bone loss. Here, we investigated the dose-response relationship between EPO, hemoglobin (Hgb) and bone loss and examined the reversibility of EPO-induced damage. Increasing doses of EPO over two weeks led to a dose-dependent increase in Hgb in young female mice, accompanied by a disproportionate decrease in trabecular bone mass measured by micro-CT (µCT). Namely, increasing EPO from 24 to 540 IU/week produced a modest 12% rise in Hgb (20.2 ± 1.3 mg/dL vs 22.7 ± 1.3 mg/dL), while trabecular bone volume fraction (BV/TV) in the distal femur decreased dramatically (27 ± 8.5% vs 53 ± 10.2% bone loss). To explore the long-term skeletal effects of EPO, we treated mice for two weeks (540 IU/week) and monitored bone mass changes after treatment cessation. Six weeks post-treatment, there was only a partial recovery of the trabecular microarchitecture in the femur and vertebra. EPO-induced bone loss is therefore dose-dependent and mostly irreversible at doses that offer only a minor advantage in the treatment of anemia. Because patients requiring EPO therapy are often prone to osteoporosis, our data advocate for using the lowest effective EPO dose for the shortest period of time to decrease thromboembolic complications and minimize the adverse skeletal outcome.
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1. Introduction


Erythropoietin (EPO) is a glycoprotein hormone mainly expressed by peritubular fibroblasts in the renal cortex. EPO secretion is regulated by hemoglobin (Hgb) levels and tissue oxygenation (pO2) in the outer medulla of the kidney. The synthesis of EPO is regulated at the transcriptional level, i.e., a low tissue pO2 leads to up-regulation of EPO synthesis and consequent stimulation of erythrocyte production. Erythropoiesis is a slow-acting process, following a rise in plasma EPO, it takes 3–4 days before reticulocytes (immature red cells) become apparent [1,2,3].



The normal concentration of EPO in rat plasma is about 25 U/l. After acute hypoxic stress, the plasma EPO concentration rises within 1.5–2 hours and can increase up to 100-fold within 18 h [4].



Recombinant human EPO (rHuEPO) is used in clinical practice for the treatment of several types of anemia [3,5,6]. It has been long recognized by clinicians that, while low Hgb levels lead to anemia, excessive Hgb levels can increase mortality as a result of cardiovascular and thromboembolic events. Hence, the regulation of EPO dosing is a major concern and effective mathematical methods are being developed to determine the appropriate dose of EPO to maintain the target Hgb levels [7,8].



Unrelated to the primary erythropoietic function, EPO-R is expressed in diverse tissues including bone cells [9,10]. In bone, osteoclasts are specialized bone resorbing cells derived from monocytes, where monocyte differentiation into osteoclasts is driven by the receptor activator for the nuclear factor κB (RANK)/RANK ligand (RANKL)/osteoprotegerin system and M-CSF [11]. Osteoblasts, derived from mesenchymal stem cells, are responsible for bone formation [12]. Previous studies have demonstrated that both osteoblasts and osteoclasts express EPO-R. Regarding the latter, the reported literature is somewhat controversial, but indeed, it may merely reflect the fact that EPO-R expression in osteoblasts is detected only during specific differentiation stages [13]. In addition, detecting the expression of EPO-R at the protein level is challenging due to the lack of a specific antibody [14,15]. Nevertheless, EPO both increases bone resorption and decreases bone formation, leading to extensive bone loss within two weeks of treatment [9,16]. Importantly, endogenously high EPO levels, either due to induced anemia [17] or constitutive overexpression of this hormone [9] (both in murine models), also lead to significant bone loss. In human subjects (elderly men with normal renal function) high plasma levels of EPO were associated with increased fracture risk [18]. In vitro studies have demonstrated that EPO, at concentrations between 0.1 and 5  mU/mL, has an inhibitory effect on osteoblast differentiation, while the effect of EPO on osteoclasts was stimulatory at concentrations between 10 mU/mL and 10 U/mL [9,16].



The aim of this study was to investigate the relationship between EPO dose, hemoglobin level and the extent of bone loss. We also explored whether the extensive loss of trabecular bone induced by transient supraphysiological levels of EPO is reversible.




2. Results


We have previously reported that EPO administration induces severe bone loss in mice [9]. Here, we evaluated the relationship between EPO dose, Hgb levels and the extent of EPO-induced bone loss. We treated 10-week-old female mice with a range of EPO doses for a total period of two weeks. An administered dose of 6 IU/week did not induce any noticeable hematological or skeletal effect. At a dose of 12 IU/week, we noticed a modest yet significant increase in Hgb, with no significant bone loss. In fact, our results indicated that only doses of 24 IU/week and above significantly affected the trabecular bone. At a dose of 24 IU/week we observed a 27% reduction in bone volume fraction (BV/TV, measured as the % reduction in BV/TV relative to diluent control, hereafter, ΔBV/TV). At the highest dose (540 IU/week), ΔBV/TV reached 53 ± 10.2% (Figure 1), in line with our previous findings [9]. Notably, increasing the EPO dose by 22.5 fold (from 24 to 540 IU/week) led to a modest 12% elevation in Hgb levels (20.2 ± 1.3 mg/dL vs 22.7 ± 1.3 mg/dL), whereas the ΔBV/TV dropped nearly two fold (‒27 ± 8.5% vs ‒53 ± 10.2%). This finding suggests a differential sensitivity of the erythropoietic and skeletal responses to EPO at high doses.



We also analyzed the correlation between Hgb level and the number of bone marrow preosteoclasts (pre-OCs), defined as CD115+ cells, as well as preosteoblasts (pre-OBs), defined as ALPL+/CD11b- cells. The results revealed a significant positive linear correlation between the level of Hgb and the number of pre-OCs (r = 0.78, p < 0.01, Figure 2). There was no significant relationship between the pre-OB fraction and Hgb when considering the entire range of EPO doses (r = ‒0.34, p = 0.092, Figure 2). These data suggest that EPO-induced bone loss is closely correlated with the preosteoclast fraction in the bone marrow at all tested EPO doses.



In order to assess the reversibility of the bone changes inflicted by a surge in EPO levels, we monitored Hgb, the pre-OC fraction and bone parameters at 2-week intervals during the recovery period, i.e., after EPO discontinuation. The first measurement was done 2 weeks after the start of EPO administration and then at 2, 4, and 6 weeks after the last EPO injection. Figure 3a presents the mean Hgb levels at consecutive time points and shows that the Hgb level had already returned to baseline at two weeks post treatment discontinuation. The pre-OC population exhibited a trend similar to Hgb (Figure 3b), but bone parameters presented a more complex picture.



The volumetric bone mineral density (vBMD) in the whole femur returned to baseline within two weeks (Figure 4a). In the femoral metaphysis, however, the normal trabecular architecture had not fully recovered even after 6 weeks following the discontinuation of EPO (Figure 4b‒c). BV/TV and Tb.N in both the proximal and in distal parts of the distal metaphysis remained significantly lower in the EPO-treated mice even at 6 weeks after the end of treatment (Figure 4b‒c). Notably, administration of EPO for two weeks led to an almost complete and irreversible effacement of the bone trabeculae in the proximal part of the femoral metaphysis (0.238 ± 0.26% vs. 0.016 ± 0.04% in the control vs. EPO-treated mice, respectively). However, in the distal part, there was some recovery of the trabecular bone volume as reflected by the fact that the distal BV/TV of the EPO-treated mice did not change during the 6-week-long post-treatment period (2.54 ± 0.38% vs 2.11 ± 0.46% at 2- and 6-week post-treatment time points, respectively, p > 0.05), as opposed to the normal age-related decline in BV/TV observed in the control animals (3.69 ± 0.45% vs 2.76 ± 0.19%, respectively, p < 0.05).



An irreversible loss of the trabecular bone was also noted in the spine of the experimental animals (Figure 5). At the end of the treatment period, there was a significant 15% and 17% reduction in the “edge” and “middle” BV/TV of the L3 vertebrae, respectively (Figure 5c).



At the last time point (6 weeks), the “edge” BV/TV was still 15% lower in the EPO-treated vs control mice (p < 0.01, Figure 5a). Although the difference in the BV/TV in the midportion of the L3 vertebral body (“middle” BV/TV) did not reach statistical significance at 6 weeks post treatment, there was still a significantly lower trabecular number in this region (4.03 ± 0.22% vs 3.58 ± 0.14% in the diluent- vs EPO-treated mice, respectively, p < 0.01, Figure 5b).




3. Discussion


Erythropoiesis, like hematopoiesis in general, is a tightly regulated process. Endogenous regulation is essential to maintain the blood elements, including red blood cells, within a predefined range, i.e., to avoid anemia (low hemoglobin levels) at one extreme and excessive erythrocytosis at the other. The former can lead to a reduction in stamina and physical capabilities, while the latter can give rise to hyper-viscosity with consequent inevitable vascular endothelial damage that could result in decreased survival and disability [19]. The regulation of erythropoiesis takes place at different levels, namely, endocrine [20], paracrine [21] and intracellular [22,23]. The endocrine regulation, mediated by erythropoietin, is the most robust and is responsible for the adaptation of the erythroid lineage to various physiological conditions, e.g., high altitude, hypoxia or anemia [24]. Beyond erythropoiesis, EPO has been shown to exert beneficial effects in neurodegenerative disorders, cardiovascular diseases and in the immune system [25,26]. Published reports by us and others have clearly demonstrated that EPO induces bone loss [9,16,17], which raises the question of whether EPO directly affects bone remodeling or is acting indirectly via increasing red blood cell (RBC) mass. In fact, several lines of evidence suggest that EPO induces bone loss directly, via its cognate receptor (EPO-R) on non-erythroid cells. First, we reported that pharmacological blockade of signaling molecules downstream of EPO-R attenuated an EPO-mediated increase in osteoclastogenesis in vitro [9]. In addition, the effect of low dose EPO in isolated cells was abrogated after treating cells with EPO-R-directed siRNA [16]. Finally, EPO did not affect bone mass in ΔEpoRE mice, in which EPO-R expression is restricted to erythroid cells [27].



The dose-dependent nature of the EPO-induced bone loss may stem from a differential effect of EPO on bone formation and bone resorption, which are carried out by osteoblasts and osteoclasts, respectively. Evidently, at lower EPO doses, there is a decrease in the frequency of osteoblast precursors (Figure 2a), together with an inhibition of the mineralization capacity in vitro [16,27], whereas at higher doses the dose-dependent increase in osteoclast precursors in vivo (Figure 2a) is associated with an increase in mineralization capacity shown in vitro [27]. It appears however that at higher doses the bone-resorbing effect predominates and overwhelms any possible compensatory increase in bone formation. Interestingly, the latter may explain the prompt restoration of the whole femur vBMD observed as soon as two weeks after the discontinuation of EPO treatment (Figure 4a). However, the “normalization” of the vBMD might be misleading in terms of bone health since a sizable proportion of fractures occur in patients whose BMD does not fulfill the WHO criteria for osteoporosis [28]. In this regard, it is well-established that in addition to mineral density, measures of trabecular bone microarchitecture serve as important determinants of mechanical properties and resilience to fractures, especially in weight-bearing skeletal sites that are rich in trabecular bone [29,30]. Notably, the treatment with EPO in our experiment started at the age of 10 weeks, i.e., two weeks before the peak bone mass in females [31], and ended at 12 weeks of age, i.e., at the time of the peak bone mass. This study therefore investigated the recovery from EPO treatment in young female mice prior to attaining peak bone mass, and further studies might be needed to assess whether this recovery is different in older animals. Another limitation of this study is that only anemic patients are treated with EPO, whereas the mice in our study had normal hemoglobin levels. This settings is reminiscent of the physiological changes resulting from short term periods at high altitude, characterized by an increase in EPO and Hgb levels [32] and significant bone loss [33,34].



An important aspect of our results is the permanent loss of trabecular architecture following EPO stimulation both in the femur and lumbar spine (Figure 4 and Figure 5). The major impact on the metaphysis was seen in the proximal part of the distal metaphysis, with an almost complete effacement of the trabeculae, which did not recover even after six weeks without treatment. This supports the notion that a profound loss of mature trabecular networks in bones formed by endochondral ossification results in the inability to rebuild new trabeculae. This is probably due to the fact that the metaphyseal trabeculae are formed as part of the growing process, and once the growth period is over, a total disappearance of trabeculae remains irreversible. Although not tested here, it is reasonable to assume that lower doses of EPO would only partially reduce the amount of the trabecular bone, preserving a sufficient backbone for a more efficient restoration of the trabecular network upon discontinuation of EPO treatment. However, our data in the vertebrae suggest that the level of recovery is independent of the remaining bone density at the end of the treatment period. Indeed, in the middle part of the vertebra, the degree of recovery was higher despite a lower bone density compared to the edges (Figure 5).



A continuing matter of debate is the initial dosing strategy in patients who require treatment with rHuEPO. Typically, patients with advanced chronic kidney disease will receive EPO at 50-100 IU/Kg three times a week, and patients with hematological malignancies (MDS, MM) will start with higher doses, i.e., 150 IU/Kg three times a week or 40,000 IU once a week. Nevertheless, some clinicians will choose to start with higher doses and then taper them down if the Hgb response is excessive (> 11 mg/dL [35]), a.k.a the “step-down” approach. Others will prefer a “step-up” approach starting with lower doses and gradually increasing the doses until the desired Hgb levels are obtained. The data presented here strongly advocate for the latter approach as the least potentially hazardous in terms of bone health.



It should be noted that the dosing range per body mass is higher in our experimental setting than in clinical settings, i.e., ~ 100, 200, 400 IU/kg and 9,000 IU/kg per dose (see previous paragraph). However, this dosing range is most commonly used in murine studies [9,17,36] because it correlates well with the hemoglobin response. For example, administration of 4 IU per dose (200 IU/kg), which would be considered high for human patients, led to a modest increase in Hgb (from 16.9 ± 0.29 to 18.3 ± 0.15 mg/dL, p < 0.05), whereas the lowest dose of 2 IU (100 IU/kg) did not increase the hemoglobin levels (Figure 1). Notably, recombinant human EPO was never tested in comparission to rodent EPO and the affinity of human EPO may be different to that of murine EPO. Indeed, a study conducted in dogs reported significant differences between the erythroid response to the canine EPO versus its human homologue [37].



It is also interesting to note that the dose-response relationship between EPO, Hgb response and bone loss, especially at higher doses, indicates the presence of differences between the magnitude of the erythropoietic as compared to the skeletal effects of EPO. As seen in Figure 1a, administration of EPO in doses ranging from 24 to 540 IU/week led to a modest 12% increase in hemoglobin, while bone tissue exhibited an almost two-fold reduction in trabecular bone volume. One molecular mechanism that may at least partially account for this phenomenon is the opposite effect of the suppressor of cytokine stimulation (SOCS) 1 and 3 on erythropoiesis and osteoclastogenesis. In erythroid cells, SOCS1 and SOCS3 inhibit EPO signaling by interacting with JAK2 [23,38], while in preosteoclasts, EPO-mediated expression of SOCSs counteracts the inhibitory action of interferon β (IFNβ) induced by RANKL as part of an autocrine inhibitory loop [39].



In conclusion, our results complement previous reports by showing that EPO induces a dose-dependent and mostly irreversible bone loss. Since EPO is widely used in clinical practice, especially in patients who are frequently prone to osteoporosis, further studies are warranted to explore the skeletal effects of this intervention in human patients. Nevertheless, until sufficient human data become available, it is reasonable to favor the lowest effective dose of EPO for the shortest period of time. Such an approach would not only decrease the risk of thromboembolic complications but also minimize the potential for adverse skeletal outcomes.




4. Methods


4.1. Experimental Animals


For the dose-response experiments, C57BL/6J-RccHsd (Envigo, Jerusalem, Israel) 10-week-old female mice were injected three times a week, for two weeks with either diluent or recombinant human erythropoietin (Epoetin α, Eprex®, Janssen) (hereafter, EPO), at doses of: 6, 12, 24 or 540 IU/week. Animals were housed in the SPF animal care facility with a 12-hour light/dark cycle and fed a normal chow diet. All experiments were performed in accordance with the Institutional Animal Care and Use Committee of Tel-Aviv University.



For the recovery experiment, 4 groups of C57BL/6J-Hsd-RCC 10-week-old female mice were injected three times a week for two weeks with EPO (540 IU/week) and 4 groups were injected with diluent. The animals in one group from each treatment arm were euthanized at the end of the 2-week treatment, and the other groups were maintained with no further treatment for 2, 4 and 6 weeks. The C57BL/6J-RccHsd mice historically originated from the C57BL/6J (Jackson Laboratory, Bar Harbor, Maine) and were moved in 1973 to Europe where they naturally developed a genetic drift.




4.2. Microcomputed Tomography (µCT)


Femora (1 per mouse) and the L3 vertebra were examined using a µCT50 system (Scanco Medical AG, Switzerland). Briefly, all scans were performed at a 10 µm resolution, with 90 kV energy, 88 µAmp intensity and 1000 projections with 1100 ms integration time. The mineralized tissues were segmented using a global thresholding procedure, using a value of 160 permille of maximal gray values (corresponding to 504 mgHA/cm3) for the trabecular bone.



Trabecular bone parameters were measured in a 3 mm height volume in the secondary spongiosa of the distal femoral metaphysis ending distally at the limit of the primary spongiosa. The secondary spongiosa in the distal femur was then divided into a proximal and a distal halves. We also measured the volumetric bone mineral density (vBMD) in the entire femur. In the L3 vertebra, the trabecular bone was evaluated in the entire volume of the vertebral body, excluding the primary spongiosa at both ends. In L3, the trabecular bone was divided in 3 caudo-rostral (axial) thirds, in order to discriminate between the second (middle) compartment and the first and third volumes (edges). All morphometric parameters were evaluated and presented according to the standardized nomenclature [40].




4.3. Hemoglobin Levels


Hgb levels were measured in venous blood (drawn from the facial vein) by means of a “Mission Plus” hemoglobin/hematocrit meter (Acon, San Diego, CA, USA).




4.4. Flow Cytometry


Bone marrow (BM) cells were flushed from either femur or tibia. Red blood cells were lysed using ACK lysis buffer (Quality Biological, Gaithersburg, MD). BM cells were stained for 30 min at 4 °C with conjugated anti-mouse antibodies: CD115-allophycocyanin (APC), CD11b-Pacific Blue™ or CD11b-FITC. For alkaline phosphatase (ALPL) staining, we used primary goat anti-mouse ALPL followed by PE-conjugated donkey anti-goat secondary antibody (R&D, Minneapolis, MN, USA) or APC-conjugated donkey anti-goat secondary antibody (AnaSpec, Fremont, CA, USA).




4.5. Statistical Analysis


Results are presented as means ± standard deviation (SD) (except in Figure 2, where the Pearson correlation is presented). Either Student’s t-test or nonparametric (Mann-Whitney U) test for tstatistical significance were used to calculate p values for samples with n≥5 and n<5, respectively. Statistical significance was determined when p < 0.05. GraphPad Prism v7.04 software was used for statistical analyses.








Author Contributions


Conceptualization, A.K., S.H.-B., D.N., Y.G., H.S.O. and M.M.; methodology, S.H.-B., A.K., N.D.-U., T.L., N.B.-C.; formal analysis, S.H.-B., A.K., D.N. and Y.G.; investigation, S.H.-B., A.K., N.D.-U., N.B.-C. and T.L.; resources, M.R., B.W., N.B.-C., D.N., Y.G.; data curation, A.K. and S.H.-B.; writing—original draft preparation, A.K., S.H.-B., Y.G., D.N.; writing—review and editing, A.K., S.H.-B., Y.G., D.N., M.M. and H.S.O.; visualization, A.K., S.H.-B., D.N., Y.G.; supervision, Y.G., D.N. and M.M.; project administration, D.N., Y.G.; funding acquisition, Y.G., D.N., B.W. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Schauder Memorial Endowment Fund, Sackler Faculty of Medicine, Tel Aviv University, by the Israel Science Foundation (ISF) Grant No. 1822/12 to Y.G. and Grant No. 343/17 to D.N. and by a German-Israeli Foundation (GIF, No. I-1433-203.12/2017) grant to M.R., B.W., D.N. and Y.G. The APC was funded by the German-Israeli Foundation




Acknowledgments


This work was carried out in partial fulfillment of the requirements for a Ph.D. degree for A.K. from the Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Jelkmann, W. Regulation of erythropoietin production. J. Physiol. 2011, 589 (Pt 6), 1251–1258. [Google Scholar] [CrossRef]

	



Jelkmann, W. Physiology and pharmacology of erythropoietin. Transfus. Med. Hemother. 2013, 40, 302–309. [Google Scholar] [CrossRef] [PubMed]

	



Panjeta, M.; Tahirovic, I.; Karamehic, J.; Sofic, E.; Ridic, O.; Coric, J. The Relation of Erythropoietin Towards Hemoglobin and Hematocrit in Varying Degrees of Renal Insufficiency. Mater. Sociomed. 2015, 27, 144–148. [Google Scholar] [CrossRef] [PubMed]

	



Eckardt, K.-U.; Koury, S.T.; Tan, C.C.; Schuster, S.J.; Kaissling, B.; Ratcliffe, P.J.; Kurtz, A. Distribution of erythropoietin producing cells in rat kidneys during hypoxic hypoxia. Kidney Int. 1993, 43, 815–823. [Google Scholar] [CrossRef] [PubMed]

	



Forbes, C.A.; Worthy, G.; Harker, J.; Kleijnen, J.; Kutikova, L.; Zelek, L.; Van Belle, S. Dose efficiency of erythropoiesis-stimulating agents for the treatment of patients with chemotherapy-induced anemia: A systematic review. Clin. Ther. 2014, 36, 594–610. [Google Scholar] [CrossRef] [PubMed]

	



Cariou, A.; Deye, N.; Vivien, B.; Richard, O.; Pichon, N.; Bourg, A.; Huet, L.; Buleon, C.; Frey, J.; Asfar, P.; et al. Early High-Dose Erythropoietin Therapy After Out-of-Hospital Cardiac Arrest: A Multicenter, Randomized Controlled Trial. J. Am. Coll. Cardiol 2016, 68, 40–49. [Google Scholar] [CrossRef]

	



Chait, Y.; Horowitz, J.; Nichols, B.; Shrestha, R.P.; Hollot, C.V.; Germain, M.J. Control-relevant erythropoiesis modeling in end-stage renal disease. IEEE Trans. Bio-Med Eng. 2014, 61, 658–664. [Google Scholar] [CrossRef] [PubMed]

	



Giagounidis, A. Current treatment algorithm for the management of lower-risk MDS. Hematol. Am. So.c Hematol. Educ. Program 2017, 2017, 453–459. [Google Scholar] [CrossRef]

	



Hiram-Bab, S.; Liron, T.; Deshet-Unger, N.; Mittelman, M.; Gassmann, M.; Rauner, M.; Franke, K.; Wielockx, B.; Neumann, D.; Gabet, Y. Erythropoietin directly stimulates osteoclast precursors and induces bone loss. FASEB J. 2015, 29, 1890–1900. [Google Scholar] [CrossRef]

	



Gassmann, M.; Heinicke, K.; Soliz, J.; Ogunshola, O.O. Non-erythroid functions of erythropoietin. Adv. Exp. Med. Biol. 2003, 543, 323–330. [Google Scholar]

	



Boyce, B.F. Advances in the regulation of osteoclasts and osteoclast functions. J. Dent. Res. 2013, 92, 860–867. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; You, X.; Xing, W.; Zhang, Z.; Zou, W. Paracrine and endocrine actions of bone-the functions of secretory proteins from osteoblasts, osteocytes, and osteoclasts. Bone Res. 2018, 6, 16. [Google Scholar] [CrossRef]

	



Hiram-Bab, S.; Neumann, D.; Gabet, Y. Erythropoietin in bone-Controversies and consensus. Cytokine 2017, 89, 155–159. [Google Scholar] [CrossRef] [PubMed]

	



Brown, W.M.; Maxwell, P.; Graham, A.N.J.; Yakkundi, A.; Dunlop, E.A.; Shi, Z.; Johnston, P.G.; Lappin, T.R.J. Erythropoietin Receptor Expression in Non-Small Cell Lung Carcinoma: A Question of Antibody Specificity. Stem Cells 2007, 25, 718–722. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, S.; Busse, L.; Bass, M.B.; Lu, H.; Sarosi, I.; Sinclair, A.M.; Spahr, C.; Um, M.; Van, G.; Begley, C.G. Anti-Epo receptor antibodies do not predict Epo receptor expression. Blood 2006, 107, 1892–1895. [Google Scholar] [CrossRef] [PubMed]

	



Rauner, M.; Franke, K.; Murray, M.; Singh, R.P.; Hiram-Bab, S.; Platzbecker, U.; Gassmann, M.; Socolovsky, M.; Neumann, D.; Gabet, Y.; et al. Increased EPO Levels Are Associated With Bone Loss in Mice Lacking PHD2 in EPO-Producing Cells. J. Bone Min. Res. 2016, 31, 1877–1887. [Google Scholar] [CrossRef]

	



Singbrant, S.; Russell, M.R.; Jovic, T.; Liddicoat, B.; Izon, D.J.; Purton, L.E.; Sims, N.A.; Martin, T.J.; Sankaran, V.G.; Walkley, C.R. Erythropoietin couples erythropoiesis, B-lymphopoiesis, and bone homeostasis within the bone marrow microenvironment. Blood 2011, 117, 5631–5642. [Google Scholar] [CrossRef]

	



Kristjansdottir, H.L.; Lewerin, C.; Lerner, U.H.; Herlitz, H.; Johansson, P.; Johansson, H.; Karlsson, M.; Lorentzon, M.; Ohlsson, C.; Ljunggren, O.; et al. High Plasma Erythropoietin Predicts Incident Fractures in Elderly Men with Normal Renal Function: The MrOS Sweden Cohort. J. Bone Miner. Res. 2020, 35, 298–305. [Google Scholar] [CrossRef]

	



Santos, B.C.; Jorge, S.E.; de Albuquerque, D.M.; Gilli, S.C.O.; Sonati, M.F.; Fertrin, K.Y.; Costa, F.F. High erythropoietin may be associated with vascular complications in patients with secondary erythrocytosis caused by high oxygen affinity variant hemoglobin Coimbra. Blood Cells Mol. Dis. 2019, 79, 102353. [Google Scholar] [CrossRef]

	



Richmond, T.D.; Chohan, M.; Barber, D.L. Turning cells red: Signal transduction mediated by erythropoietin. Trends Cell Biol. 2005, 15, 146–155. [Google Scholar] [CrossRef]

	



Rhodes, M.M.; Kopsombut, P.; Bondurant, M.C.; Price, J.O.; Koury, M.J. Adherence to macrophages in erythroblastic islands enhances erythroblast proliferation and increases erythrocyte production by a different mechanism than erythropoietin. Blood 2008, 111, 1700–1708. [Google Scholar] [CrossRef] [PubMed]

	



Klingmuller, U.; Lorenz, U.; Cantley, L.C.; Neel, B.G.; Lodish, H.F. Specific recruitment of SH-PTP1 to the erythropoietin receptor causes inactivation of JAK2 and termination of proliferative signals. Cell 1995, 80, 729–738. [Google Scholar] [CrossRef]

	



Sasaki, A.; Yasukawa, H.; Shouda, T.; Kitamura, T.; Dikic, I.; Yoshimura, A. CIS3/SOCS-3 suppresses erythropoietin (EPO) signaling by binding the EPO receptor and JAK2. J. Biol. Chem. 2000, 275, 29338–29347. [Google Scholar] [CrossRef] [PubMed]

	



Hodges, V.M.; Rainey, S.; Lappin, T.R.; Maxwell, A.P. Pathophysiology of anemia and erythrocytosis. Crit. Rev. Oncol. Hematol. 2007, 64, 139–158. [Google Scholar] [CrossRef] [PubMed]

	



Lifshitz, L.; Tabak, G.; Gassmann, M.; Mittelman, M.; Neumann, D. Macrophages as novel target cells for erythropoietin. Haematologica 2010, 95, 1823–1831. [Google Scholar] [CrossRef]

	



Sanchis-Gomar, F.; Perez-Quilis, C.; Lippi, G. Erythropoietin receptor (EpoR) agonism is used to treat a wide range of disease. Mol. Med. 2013, 19, 62–64. [Google Scholar] [CrossRef]

	



Suresh, S.; de Castro, L.F.; Dey, S.; Robey, P.G.; Noguchi, C.T. Erythropoietin modulates bone marrow stromal cell differentiation. Bone Res. 2019, 7, 21. [Google Scholar] [CrossRef]

	



Lespessailles, E.; Cortet, B.; Legrand, E.; Guggenbuhl, P.; Roux, C. Low-trauma fractures without osteoporosis. Osteoporos. Int. 2017, 28, 1771–1778. [Google Scholar] [CrossRef]

	



Fields, A.J.; Lee, G.L.; Liu, X.S.; Jekir, M.G.; Guo, X.E.; Keaveny, T.M. Influence of vertical trabeculae on the compressive strength of the human vertebra. J. Bone Miner. Res. 2011, 26, 263–269. [Google Scholar] [CrossRef]

	



Liu, X.S.; Sajda, P.; Saha, P.K.; Wehrli, F.W.; Guo, X.E. Quantification of the roles of trabecular microarchitecture and trabecular type in determining the elastic modulus of human trabecular bone. J. Bone Miner. Res. 2006, 21, 1608–1617. [Google Scholar] [CrossRef]

	



Bab, I.; Müller, R.; Hajbi-Yonissi, C.; Gabet, Y. Micro-Tomographic Atlas of the Mouse Skeleton, 1st ed.; Springer: New York, NY, USA, 2007. [Google Scholar]

	



Robach, P.; Fulla, Y.; Westerterp, K.R.; Richalet, J.P. Comparative response of EPO and soluble transferrin receptor at high altitude. Med. Sci. Sports Exerc. 2004, 36, discussion 1492, 1493–1498. [Google Scholar] [CrossRef] [PubMed]

	



Hiroyuki, T.; Keiji, M.; Tetsuya, S.; Tatsuya, K. Bone atrophy at high altitude. J. Bone Miner. Metab. 1992, 10, 31–36. [Google Scholar]

	



Basu, M.; Malhotra, A.S.; Pal, K.; Chatterjee, T.; Ghosh, D.; Haldar, K.; Verma, S.K.; Kumar, S.; Sharma, Y.K.; Sawhney, R.C. Determination of bone mass using multisite quantitative ultrasound and biochemical markers of bone turnover during residency at extreme altitude: A longitudinal study. High Alt. Med. Biol. 2013, 14, 150–154. [Google Scholar] [CrossRef] [PubMed]

	



Provenzano, R.; Bhaduri, S.; Singh, A.K.; Group, P.S. Extended epoetin alfa dosing as maintenance treatment for the anemia of chronic kidney disease: The PROMPT study. Clin. Nephrol. 2005, 64, 113–123. [Google Scholar] [CrossRef]

	



Wakhloo, D.; Scharkowski, F.; Curto, Y.; Javed Butt, U.; Bansal, V.; Steixner-Kumar, A.A.; Wustefeld, L.; Rajput, A.; Arinrad, S.; Zillmann, M.R.; et al. Functional hypoxia drives neuroplasticity and neurogenesis via brain erythropoietin. Nat. Commun. 2020, 11, 1313. [Google Scholar] [CrossRef]

	



Randolph, J.F.; Stokol, T.; Scarlett, J.M.; MacLeod, J.N. Comparison of biological activity and safety of recombinant canine erythropoietin with that of recombinant human erythropoietin in clinically normal dogs. Am. J. Vet. Res. 1999, 60, 636–642. [Google Scholar]

	



Ungureanu, D.; Saharinen, P.; Junttila, I.; Hilton, D.J.; Silvennoinen, O. Regulation of Jak2 through the ubiquitin-proteasome pathway involves phosphorylation of Jak2 on Y1007 and interaction with SOCS-1. Mol. Cell. Biol. 2002, 22, 3316–3326. [Google Scholar] [CrossRef]

	



Hayashi, T.; Kaneda, T.; Toyama, Y.; Kumegawa, M.; Hakeda, Y. Regulation of receptor activator of NF-kappa B ligand-induced osteoclastogenesis by endogenous interferon-beta (INF-beta ) and suppressors of cytokine signaling (SOCS). The possible counteracting role of SOCSs- in IFN-beta-inhibited osteoclast formation. J. Biol. Chem. 2002, 227, 27880–27886. [Google Scholar] [CrossRef]

	



Bouxsein, M.L.; Boyd, S.K.; Christiansen, B.A.; Guldberg, R.E.; Jepsen, K.J.; Muller, R. Guidelines for assessment of bone microstructure in rodents using micro-computed tomography. J. Bone Miner. Res. 2010, 25, 1468–1486. [Google Scholar] [CrossRef]








[image: Ijms 21 03817 g001 550] 





Figure 1. Erythropoietin (EPO) induces dose-dependent trabecular bone loss. (a) Relationship between the hemoglobin level (grey) and the extent of reduction in BV/TV (black) at different doses of EPO. The values on the X axis represent a total weekly dose of EPO administered to 10-week-old female mice for two weeks. Values on the Y axis are mean ± SD; n = 3 for 6 and 12 IU, n = 7 and 8 for 24 and 540 IU, respectively. (b) Representative 3D reconstruction images of the distal femoral metaphysis of mice treated with diluent or EPO at the designated doses. * p < 0.05 relative to diluent control, † p < 0.05 relative to preceding dose, ‡ p = 0.05 relative to preceding dose. 
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Figure 2. Administration of EPO is associated with a dose-dependent increase in the preosteoclast population. a. Linear correlation between the preosteoclast (pre-OCs, gray) and preosteoblast (pre-OBs, black) bone marrow populations versus hemoglobin level, following treatment with increasing doses of EPO as detailed in Figure 1. Values on the Y axis represent the normalized ratio of the corresponding population relative to the diluent control. Preosteoclasts were defined as CD115 (cFms)+ whereas preosteoblasts as ALPL+/CD11b- cells in the bone marrow; b. Representative flow cytometry dot plots of the pre-OC (left) and pre-OB (right) populations of the EPO-treated animal (24IU/week). ALPL = alkaline phosphatase. 
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Figure 3. Temporal dynamics of the erythroid response and preosteoclast population following EPO stimulation. a. Hgb levels measured before and at the end of EPO (540 IU/week)/diluent injections (Time 0) as well as 2 and 4 weeks following treatment discontinuation; n = 14 for time points ‒2 and 0, n = 6 for other time points. b. Pre-osteoclast population, defined as CD115+ bone marrow cells, at the end of treatment, as well as 2 and 4 weeks following treatment discontinuation. Values are mean ± SD. *** p < 0.001; n = 6 for each treatment and time point. 
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Figure 4. EPO induces irreversible changes in the microarchitecture of the trabecular bone of the femur. (a) Volumetric bone mineral density (vBMD) of the whole femur of female mice treated with either diluent or EPO (540 IU/week) at the end of the treatment period and 2, 4 and 6 weeks post treatment. (b,c) Trabecular bone volume (BV/TV), trabecular number (Tb.N) and trabecular thickness (Tb.Th) of the proximal (b) and distal (c) portions of the femoral metaphysis of mice described in (a). Values are mean ± SD. EPO—erythropoietin, DIL—diluent. *** p < 0.001; ** p < 0.01; * p < 0.05; † p < 0.05 relative to the “end of treatment” time point (0 weeks); (d,e) Representative 3D reconstruction images of the distal femoral metaphysis (subdivided into proximal and distal subregions) of mice treated with either diluent (d) or EPO (540 IU/week) (e) at corresponding time points. n = 6 for each group. 
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Figure 5. EPO induces irreversible changes in the microarchitecture of the lumbar spine vertebrae. (a) Trabecular bone volume (BV/TV) and trabecular number (Tb.N) of the edge (a) and midportion (b) of the L3 vertebra from diluent (DIL) and EPO (540 IU/week)-treated female mice at the completion of the treatment period and 2, 4 and 6 weeks post treatment. Values are mean ± SD. *** p < 0.001; ** p < 0.01; * p < 0.05; (c) Representative 3D reconstruction images of the L3 vertebra (subdivided into edge- and midportions) of the mice described in (a,b). n = 6 for each group. “Edge” and “middle” portions of the vertebral body were defined as marginal (upper/lower) and middle 1/3 of the vertebral body in the axial plane. 
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