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Editorial on the Research Topic 


Bone marrow adiposity - contributions to bone, aging, and beyond



Introduction

Bone marrow adipose tissue (BMAT) plays a complex role in regulating various biological processes, including metabolism, endocrine and immune functions, hematopoeisis and skeletal homeostasis. However, our understanding of the physiological and pathological roles of BMAT remains limited. For this Special Issue on BMAT, we selected 14 articles that provide a comprehensive overview of BMAT, including 4 reviews, 8 original research papers and 2 conference reports. The articles cover a range of topics related to the biology of BMAT in health and disease, and include validated methodologies and overviews of concepts relevant to researchers in the field.



Realizing the vision of the International Bone Marrow Adiposity Society

The International Bone Marrow Adiposity Society (BMAS) has held 7 annual meetings since 2015, with the sixth meeting held virtually in 2020 due to the COVID-19 pandemic (Scheller et al.). The meeting was attended by nearly 200 people from 18 countries and featured presentations, networking opportunities and career development. The BMAS also held its inaugural Summer School in 2021, which was aimed at early-career researchers and featured lectures, workshops and career development sessions (Labella et al.). The Biobanking Working Group of the BMAS has developed best practices for preparing, preserving and distributing biomaterials and related cells and tissues as biospecimens for research, including protocols and guidelines for ethical, legal and social issues (Lucas et al.). These best practices aim to ensure the rigor and collaborations in the field of BMAT research.



Origins and phenotypes of BMAT in development and aging

This Special Issue contains two informative studies that assess lineage commitment of mesenchymal stem cells. Matsushita et al. reviewed data from single-cell RNA sequencing and lineage tracing studies to build a framework for understanding how bipotent bone marrow stromal cell (BMSC) progenitors differentiate along adipocytic or osteogenic trajectories. This study discussed the inverse relationship between marrow adiposity and bone formation rate and the authors propose that these lineages may be plastic and dynamic, rather than mutually exclusive and static. Evidence of this was presented by Lee et al. whom used a lineage tracing approach the relationship bone marrow adipocytes (BMAd) and osteoblasts. The authors examined mice with a fluorescent osteocyte-specific lineage tracer (i.e., tamoxifen-induced DMP1Cre-driven GFP reporter). In these mice, exposure to the thiazolidinedione (TZD) drug rosiglitazone, which activates Peroxisome-Proliferator Activated Receptor Gamma (PPARγ/PPARG), leads to an expansion of BMAT that is positive for perilipin 1 (PLIN1), a definitive adipocyte marker. However, a small fraction (~5%) of these cells also expressed GFP, which was not observed in control mice, suggesting that osteocytes can convert into adipocytes. The osteoanabolic drug Romosozumab slightly reduced BMAT expansion and eliminated the GFP+/PLIN1+ population. These findings may have implications for the management of co-occurring skeletal and metabolic conditions. Future studies will need to refine how control of cell fate determination of mesenchymal stem cells relates to trans-differentiation of phenotypically committed cells.

Tratwal et al. used single-cell raman microspectroscopy to characterize the lipid saturation profile of murine BMSC-like OP9 cells under induced and spontaneous adipogenic differentiation conditions and compared it to human primary samples with predominantly hematopoietic marrow (iliac crest) or fatty marrow (femoral head). They found that the lipid profile of spontaneously differentiated OP9 cells closely resembled that of hematopoiesis-supportive regulated marrow adipocytes (rMAd), while chemically-induced differentiation promoted a constitutive marrow adipocyte (cMAd)-like phenotype that did not effectively support hematopoiesis. These results offer a new way to differentiate rMAd and cMAd that may be useful for further study of their development and functional differences.

Aaron et al. reviewed the effects of BMAT expansion on bone homeostasis, immune and endocrine function, BMSC biology and bone regeneration during aging. They discuss how BMAT can either support or suppress the growth and differentiation of hematopoietic stem cells (HSCs) and can induce pro-inflammatory cytokines and ROS that contribute to senescence in BMSCs and impair their function. The review suggests potential strategies, such as senolytics, miRNAs and antioxidants, to improve the function of BMSCs and reduce the negative effects of aging on the bone marrow microenvironment, paving the way for further research.

Identification of new regulators for bone and adipose tissues is important for the ageing population being more susceptible to bone loss and fat gain. Considering the deleterious effect of the PiT2 sodium-phosphate co-transporter (SLC20A2) deficiency in bone, Frangi et al. addressed whether the BMAT could also be affected in PiT2/Scl20a2 knockout mice. They found that PiT2-deficient young mice have high level of BMAT, but that this volume does not increase into adulthood, leading to lower BMAT volume in older PiT2-deficient mice. However, the absence of PiT2 did not prevent an increase in BMAT volume in a model of bone loss induced by ovariectomy. PiT2-deficient mice did not have differences in serum phosphate levels or key markers of phosphate regulation, suggesting that the observed defects in BMAT were not related to serum phosphate levels. Their findings suggest that PiT2 plays a role in the maintenance of both bone and BMAT, probably independently of systemic phosphate homeostasis although the cellular and molecular mechanisms remain to be identified.



Role and responses of BMAT in pathophysiology

Ali et al. examined how conditions such as hormone deficiency, obesity and type 2 diabetes can contribute to the development of osteoporosis by increasing the negative impact of BMAT on bone health. They discussed several mechanisms involved in these effects, including transcription factors, DNA damage and the production of inflammatory cytokines that alter the fate of BMSCs. The authors also discussed lifestyle modifications, including diet and exercise, as strategies to improve bone parameters and modulate BMAT in patients with metabolic diseases. They noted that antiresorptive drugs may not be effective in all patients with metabolic diseases and discussed research suggesting that Denosumab may improve insulin sensitivity, bone formation and muscle strength in some cases, but emphasized that need for further research is needed to understand how these co-morbid conditions may be best managed.

Sollmann et al. used advanced image analysis techniques to improve the accuracy of fracture risk prediction in patients with osteoporosis. The authors suggest that incorporating texture analysis of CT and MRI T2* data based on Proton Density Fat fraction (PDFF) may be more effective at predicting and differentiating between patients with and without osteoporotic vertebral fractures compared to bone mineral density (BMD) and PDFF alone.

Janus kinase inhibitors such as Tofacitinib are used to control systemic inflammatory disorders such as rheumatoid arthritis (RA), and may have beneficial effects on bone, but their effect on BMAds is unknown. Letarouilly et al. investigated the effects Tofacitinib, on BMAd and osteoblasts derived from human BMSCs and in RA patients treated with Tofacitinib. Tofacitinib increased BMAd differentiation and decreased osteoblast differentiation of primary cells under non-inflammatory conditions. In RA patients, Tofacitinb increased lumbar spine PDFF and had no effect on BMD or body composition over a 6-month period. These results suggest that Tofacitinib has a stimulatory effect on BMAd commitment and differentiation, which may not support its beneficial effects on the bone microenvironment. Further studies are needed to determine whether this is a class effect of Janus kinase inhibitors or specific to Tofacitinib.

Dello Spedale Venti et al. compared the histopathologic characteristics of BMAds in patients with bone metastasis and myeloproliferative neoplasia to age-matched controls. They found that in both neoplastic conditions, there was a significant reduction in the number and size of BMAds, as well as changes in the expression of certain proteins. They also observed an unusual morphology in BMAds from a patient with metastasis of a malignant glioma. These findings suggest that BMAds undergo significant changes in neoplastic conditions, which may have an impact on the microenvironment and could potentially be used as markers for diagnosis and understanding of these diseases. Further research is needed to understand the mechanisms behind these changes and their clinical implications.

Turner et al. studied the relationship between thermoregulation, BMAT and the hormone leptin in mice. They found that higher housing temperatures led to higher levels of BMAT, white adipose tissue mass and serum leptin in mice and that the administration of leptin led to lower BMAT and higher bone formation in the distal femur metaphysis of mice. However, these effects were not observed in pair-fed mice. They also found that increased housing temperature led to an increase in BMAT in both wild type and leptin-deficient mice, but this increase was attenuated in leptin-deficient mice treated with leptin. These results suggest that both increased housing temperature and increased leptin have independent but opposing effects on BMAT in mice.

Avilkina et al. used a mouse model of anorexia to study the effects of different levels of weight loss on bone density and the expression of the NAD-dependent protein deacetylase Sirtuin 1 (Sirt1) in BMSCs. They found that more severe and prolonged weight loss was associated with decreased bone density and decreased Sirt1 expression in the bone marrow. They also found that Sirt1 expression may influence the differentiation of bone marrow cells into either fat or bone cells, which could further affect bone density. This study suggests that the severity and duration of energy deficits related to anorexia can have important effects on bone density and Sirt1 expression in the bone marrow.



Conclusions and perspective

This Research Topic presents the latest research and comprehensive reviews on the origins, pathology and systemic physiology of BMAT. It includes conference reports, best practices and insights from a community of scientists dedicated to advancing research in this field. The peer review process and membership of the Bone Marrow Adiposity Society contribute to the rigor of this research. The Research Topic highlights the growing interest of research in BMAT function and reveals the importance of future studies aimed at understanding the developmental, homeostatic and endocrinological intricacies of BMAT that impact metabolic disorders, bone health and beyond.
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The 6th International Meeting on Bone Marrow Adiposity (BMA) entitled “Marrow Adiposity: Bone, Aging, and Beyond” (BMA2020) was held virtually on September 9th and 10th, 2020. The mission of this meeting was to facilitate communication and collaboration among scientists from around the world who are interested in different aspects of bone marrow adiposity in health and disease. The BMA2020 meeting brought together 198 attendees from diverse research and clinical backgrounds spanning fields including bone biology, endocrinology, stem cell biology, metabolism, oncology, aging, and hematopoiesis. The congress featured an invited keynote address by Ormond MacDougald and ten invited speakers, in addition to 20 short talks, 35 posters, and several training and networking sessions. This report summarizes and highlights the scientific content of the meeting and the progress of the working groups of the BMA society (http://bma-society.org/).
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Introduction

The primary goal of the 6th international meeting on Bone Marrow Adiposity, “Marrow Adiposity: Bone, Aging, and Beyond” (BMA2020), was to provide a forum for basic, translational, and clinical scientists from around the world to discuss different aspects of bone marrow adiposity in health and disease. The Bone Marrow Adiposity Society (BMAS) conferences are greatly enhanced by the broad research and training backgrounds among conference organizers, speakers, and attendees that promote diverse perspectives and opportunities for collaboration. The field of bone marrow adipose tissue (BMAT) research is growing, which was reflected in the BMA2020 program. Besides a specific focus on aging and osteoporosis, the BMA2020 meeting program included sessions related to the role of BMAT in hematopoiesis, regulation of systemic energy metabolism, cancer development and metastasis, and response to environmental cues including nutrition and exercise (See Figure 1).




Figure 1 | Bone marrow adipose tissue (BMAT) – friend or foe? In health, BMAT supports physiological homeostasis. In pathological states, BMAT augments dysregulation of physiological homeostasis. The diagram depicts the emerging topics within the field of BMAT research.



The BMA2020 meeting was hosted in partnership with the American Society for Bone and Mineral Research (ASBMR) and was co-organized by Drs. Erica Scheller (Washington University), Meghan McGee-Lawrence (Augusta University), and Beata Lecka-Czernik (The University of Toledo). BMA2020 was originally scheduled to take place in Seattle, Washington as the first BMA meeting in the United States. However, due to the global COVID-19 pandemic, the congress was instead hosted entirely online in a mixed live/asynchronous format to promote both networking and accessibility. With great thanks to the dedication of our BMAS members, both established and new, this meeting ended up being our largest event to date with 11 invited speakers, 55 submitted abstracts, and 198 registered attendees from 18 different countries around the world. The congress featured 53 sessions and sub-sessions, 35 posters, and 14 lab highlights that were viewed collectively more than 7,000 times. In direct evidence of the collaborative nature of the meeting, there were also 63 photos shared and 1,391 in-app messages sent between colleagues. In all, despite the change in format, the BMA2020 meeting succeeded in bringing together clinicians and scientists studying all aspects of bone marrow adiposity, contributing to the advancement of the field.



Scientific Sessions

The scientific sessions at BMA2020 included bone marrow adipocyte (BMAd) dynamics and bone mass in aging, obesity and malnutrition, as well as BMAd progenitors and lineage tracing, metabolism, hematopoiesis, metastasis, leukemia and myeloma, endocrine regulation, exercise, and advanced methods of BMAd imaging and analysis, as discussed below. A full list of talks and speakers is available in Supplemental Table 1. Where available, references to recently published related manuscripts are provided below.


Keynote Address

BMA2020 opened with a welcome address from the conference organizers, followed immediately by a keynote presentation by Ormond MacDougald (University of Michigan) entitled “Bone marrow adipose tissue biology, endocrine physiology and metabolism – unique and common traits with peripheral adipose tissue depots”. In his talk, Dr. MacDougald highlighted the basis of BMAd cell biology and physiology as grounded in the broader field of adipose tissue biology. He went on to discuss the nature of regulated and constitutive BMAT clusters (rBMAT and cBMAT, respectively), the discovery of which ultimately provided bases for in-depth analysis of the unique metabolic regulation of BMAT relative to other fat depots in the body (1). Thus, rBMAT located in proximal skeletal elements and closer to body core temperature is interspersed with hematopoietic, stromal and vascular cells and changes its volume in response to hormonal, nutritional and pharmacological challenges. In contrast, cBMAT, which is located distally and relatively further from the body core temperature, shares similar characteristics with white adipose tissue and is largely resistant to environmental stimuli (2). However, cBMAT volume in humans may change after bariatric surgery and in certain hematologic conditions (3). Dr. MacDougald also introduced the first animal model that specifically targets marrow adipocytes by expressing both adipocyte-targeted (adiponectin) and osteoblast-targeted (osterix) markers, a combination that is characteristic for BMAds. This conditional model may ultimately help the field to understand BMAT function in diverse settings of bone loss, as well as its contributions to systemic energy metabolism. In summary, this keynote presentation was a perfect introduction to the entire conference by highlighting the unique position of BMAT among other fat depots, which may explain its divergent functions in health and disease as explored in the subsequent sessions.



Session I: Bone Marrow Adipose Tissue, Aging, and Skeletal Homeostasis

The first session featured an invited talk by Sundeep Khosla (Mayo Clinic) that covered aspects of BMAT, aging, senolytics and skeletal health. A key focus of his presentation was that cellular senescence may play a causal role in reducing osteoblastogenesis and increasing adipogenesis during the process of aging, suggesting that senolytic drugs have potential to target this aspect of skeletal aging biology (4). The invited talk was followed by four short talks from Anuj Sharma (Augusta University), Abhishek Chandra (Mayo Clinic), Thomas Ambrosi (Stanford University), and Vagelis Rinotas (Agricultural University of Athens) that covered topics including sex differences in marrow adiposity induced by glucocorticoid signaling, radiation-associated bone marrow adiposity, skeletal stem cell diversity, and the role of RANKL in development of BMAd expansion and osteoporosis. The session was moderated by Bram van der Eerden (Erasmus University Rotterdam) and Rosella Labella (Columbia University). The presentation content, and subsequent discussion, focused heavily on mechanisms of cross-talk between cells, and the influence of the bone marrow niche environment (particularly with aging) on mechanisms of increasing marrow adiposity. The first short talk highlighted the sexually dimorphic low bone mass and high BMAT phenotype of mice with conditional deletion of the glucocorticoid receptor in osteoprogenitor cells (5). The second talk demonstrated the time course of molecular events leading to enhanced marrow adiposity following irradiation of bone, and highlighted similarities in mechanisms of senescence between aging and irradiated bone that precede fatty infiltration of the bone marrow cavity (6). In the third talk, single cell RNA-sequencing was used to show alterations in the skeletal stem cell populations that promote a pro-inflammatory, pro-resorptive, pro-adipogenic, and anti-osteogenic environment within the bone marrow niche that could be pharmacologically targeted (7). The fourth and final short talk characterized marrow adiposity and BMSC differentiation patterns in two different RANKL transgenic mouse models and explored the molecular mechanisms underlying the observed phenotypes (8).



Session II: Environmental Regulation of Bone and Marrow Adipose Tissue

The second session included two invited talks by Pouneh Fazeli (University of Pittsburgh) and Janet Rubin (University of North Carolina), followed by a short talk from Piotr Czernik (The University of Toledo). It was moderated by Anne Schafer (University of California San Francisco) and Rebecca Schill (University of Michigan). The session was concentrated on regulators of BMAT volume including nutrition, exercise and gut microbiota. Dr. Fazeli reviewed research focused on the paradox of increased BMAT volume in anorexia nervosa, a clinical condition of chronic undernutrition, with a take home message that BMAT serves different functions in states of nutrient sufficiency as compared to nutrient insufficiency (9). In addition, she emphasized the important function of BMAT in regulation of hematopoiesis by demonstrating that BMAT is inversely associated with white and red blood cell counts in premenopausal women, and by showing that in women with anorexia treated with transdermal estrogen, decreases in BMAT were significantly associated with increases in both red blood cells and hematocrit (10). Dr. Rubin focused her presentation on the effect of exercise on adaptive changes in bone, including decreases in BMAT volume and increases in osteogenesis. This presentation added new information to the ongoing discussion on sequestration of β-catenin and Wnt pathway activity in regards to the BMSC lineage commitment and identified EZH2 as key to preservation of BMSC multipotentiality via β‐catenin (11, 12). To conclude the session, a short talk by Piotr Czernik revealed that reconstitution of the gut microbiome in germ-free rats increased marrow adipocyte number and altered their cell size distribution toward smaller adipocytes. His work suggests that gut microbiota deliver powerful signals to the skeleton to regulate bone marrow adipocyte differentiation and function and that de novo expansion of small adipocytes synergizes with new bone formation in conditions of acute nutrient utilization in the gut (13).



Session III: Endocrine Regulation of Bone Marrow Adipose Tissue in Health and Disease

Session III began with an invited talk by Clifford Rosen (Maine Medical Center Research Institute). This presentation focused on the role of hormones, especially parathyroid hormone, in the regulation of BMAT via mechanisms such as lineage recruitment and lipolysis (14, 15). The invited talk was followed by three short talks by Nikki Aaron (Columbia University), Sudipta Baroi (The University of Toledo), and Li Chen (Southern Denmark University) that covered topics including novel adipokines, osteocytic control of marrow adiposity via sclerostin production, and crosstalk between the immune system and bone. This session was moderated by Laura McCabe (Michigan State University) and Biagio Palmisano (Columbia University). The first short talk reported the role of the novel adipokine adipsin and its ability to activate the immune complement system in BMAT expansion promoted by caloric restriction or thiazolidinedione treatment (16). The second short talk described the role of PPARγ in osteocytes, showing that the sclerostin gene is regulated by PPARγ and that osteocyte-specific conditional knockout mice have a high bone mass and low BMAT phenotype (17). The third and final short talk in this session examined the regulatory role of the immune system complement factor H in bone and BMAT homeostasis (18).



Session IV: Advanced Methods for Clinical and Pre-Clinical Assessment of Bone Marrow Adiposity and Skeletal Health

This methods-focused session started with two invited speakers, Gustavo Duque (University of Melbourne) and Greet Kerckhofs (Université Catholique de Louvain), followed by two short talks from Kisoo Pahk (Korea University Anam Hospital) and Josefine Tratwal (Ecole Polytechnique Fédérale de Lausanne). Session IV was moderated by Jean-Francois Budzik (Groupement des Hôpitaux de l’Institut Catholique de Lille) and Ahmed Al Saedi (University of Melbourne). Dr. Duque discussed secreted factors that couple bone marrow adipocytes to the surrounding skeletal cells and their implications for the pathophysiology of osteoporosis. In addition, he provided information about key technical approaches that can be used to study aspects of bone marrow adipocyte function and lipotoxicity both in vitro and ex vivo (19, 20). After this, Dr. Kerckhofs demonstrated how novel contrast agents such as polyoxometalate can be used to visualize and to quantify bone marrow adipocytes in three dimensions, in addition to relating this information to bone and vascular quantifications using high-resolution computed tomography (21). Next, Kisoo Pahk reported the use of 18F-FDG PET/CT for the evaluation of adipose tissue metabolic activity in patients with osteoporosis, demonstrating that metabolic activity of visceral vs subcutaneous adipose tissue is predictive of bone mineral density (22). Last, Josefine Tratwal gave an overview of a new injectable, three-dimensional tissue engineered model of bone marrow adipogenesis and hematopoiesis that can be used to accelerate studies on the regeneration of the bone marrow niche for treatment of blood and other marrow-related disorders (23).



Session V: Bone Marrow Adipose Tissue, Cancer, and Hematopoiesis

The invited speakers for Session V were Olaia Naiveras (École Polytechnique Fédérale de Lausanne) and Izabela Podgorski (Wayne State University). Short talks were given by Emma Morris (University of Oxford), Sonia Severin (Inserm U1048 and Paul Sabatier University), and Mariah Farrell (Maine Medical Center Research Institute). The session was moderated by Michaela Reagan (Maine Medical Center Research Institute) and Josefine Tratwal (Ecole Polytechnique Fédérale de Lausanne). Session V focused on mechanisms by which BMAT regulates hematopoiesis and cancer progression. Olaia Naveiras summarized the effects of BMAT on hematopoiesis, including use of MarrowQuant, a new tool for quantification of bone marrow compartments in histologic sections (24). This presentation concluded that marrow adiposity correlates inversely with hematopoiesis in health and pathologic conditions, and that the degree of adipocyte maturation correlates inversely with the proliferation of hematopoietic precursors. In addition, Dr. Naiveras identified loss of SCF upon differentiation of BMAT progenitor cells as responsible for decreased support of hematopoiesis (25). After this, Izabela Podgorski showed that BMAT fuels and supports growth of prostate cancer metastasis to bone by serving as an abundant source of lipids and signaling molecules. She demonstrated that metastatic tumor cells engage in reciprocal interactions with bone marrow adipocytes to evade therapy and provided evidence that targeting IL-1β or lipolysis improves tumor cell response to anti-cancer therapy with docetaxel (26). Dr. Podgorski concluded her talk by stressing an importance of understanding the role of BMAT in tumor adaptation and survival in bone, as a tool to reveal novel, mechanistic targets for therapies for prostate and breast bone-metastatic diseases, which continue to be incurable (27). After this, Emma Morris discussed the effects of PPARγ agonist BAGDE on myeloma cells and bone marrow adipocytes (28), Sonia Severin showed a functional link between marrow adipocytes and the development of megakaryocytes (29), and Mariah Farrell revealed that bone marrow adipocytes support multiple myeloma drug resistance and induce adipocyte mimicry, increasing cell survival (30, 31). Overall, this session stressed an importance of understanding the role of BMAT in hematopoiesis and cancer cell survival in bone, while underscoring a prominent role of adipocytes in the regulation of different components of hematopoietic niche.



Session VI: Bone Marrow Adipose Tissue Origins and Maturation

This session featured an invited talk by Moustapha Kassem (University of Southern Denmark) and three short talks by Russell Turner (Oregon State University), Leilei Zhong (University of Pennsylvania), and Xiao Zhang (Washington University). Session VI was moderated by Michaela Tencerova (University of Southern Denmark) and Sudipta Baroi (The University of Toledo). Dr. Kassem opened the session by reviewing the mechanisms underlying lineage commitment of multipotent bone marrow stromal (skeletal) stem cells to adipocytes with an emphasis on the role of KIAA1199 (32). Next, Dr. Turner presented data showing that c-kit expression in hematopoietic and mesenchymal cells contributes to the maturation of bone marrow adipocytes (33). After this, Leilei Zhong presented new data that defines a stromal/perivascular, adiponectin-expressing bone marrow adipocyte progenitor, termed the marrow adipogenic lineage precursor (MALP) and its role in the maintenance of the bone marrow vasculature (34, 35). Last, Xiao Zhang showed that a unique population of maladapted bone marrow adipocytes was retained in an otherwise ‘fat free’ lipodystrophic mouse, revealing the existence of a bone-specific, compensatory adipogenesis pathway that is activated in states of metabolic stress (36). Overall, this session contributed to our understanding of the unique cellular origins of bone marrow adipocytes during development and metabolic disease, in addition to providing new information about the molecular signals regulating the maturation of committed pre-adipocytes within the bone marrow.



Session VII: Bone Marrow Adipocyte Differentiation, Metabolism and the Skeletal Niche

The final session started with an invited talk by Courtney Karner (University of Texas Southwestern Medical Center), followed by four short talks by Ziru Li (University of Michigan), Ayyoub Salmi (MABlab), Amit Chougule (University of Toledo), and Wei Yu (University of Pennsylvania). The session was moderated by Christophe Chauveau (MABLab) and Thomas Ambrosi (Stanford University). Dr. Karner presented on the role of glutamine metabolism in the fate specification of bone marrow adipocytes from mesenchymal precursor cells, providing support for a model by which inhibition of glutamine metabolism or glutathione biosynthesis increases oxidative stress and promotes adipocyte differentiation (37). After this, Dr. Li presented work in a conditional adipose triglyceride lipase knockout mouse demonstrating roles for bone marrow adipocyte lipolysis in states of nutrient deficiency. Next, Ayyoub Salmi presented evidence in support of the capacity for osteoblasts to transdifferentiate to adipocyte-like cells following co-culture with adipocytes, emphasizing the plasticity and intercellular communication of cell populations within bone (38). This was followed by a presentation from Amit Chougule showing that activation of PPARα in the osteocyte lineage suppresses bone marrow adipose tissue expansion in regions of hematopoietic marrow. Last, Wei Yu demonstrated that adiponectin-expressing MALP cells are a critical source of osteoclast-regulatory factor RANKL, contributing directly to osteoclast formation and bone turnover (35). The questions and discussion in this diverse session centered on Cre specificity and the use of Cre-dependent lineage tracing when compared to surface marker strategies for characterization of bone marrow adipocyte progenitors. In addition, the group emphasized the need to continue to work together to unify our models and definitions to promote the advancement of future work in the field.




Posters

Posters consisted of a pre-recorded video presentation of up to 5-minutes in length. Virtual posters were highlighted in the exhibitor center and could be viewed asynchronously by congress attendees. A live poster session was also held on the first day of the conference where attendees and presenters could post and respond to questions in real time. The highlighted topics of the posters fell into several main categories including aging, BMAT dynamics and bone mass, endocrine regulation, imaging and advanced methods, metabolism, metastasis, myeloma and hematopoiesis, obesity and malnutrition, and progenitors and lineage tracing. A detailed list of posters and presenters is available in Supplemental Table 2.



Networking and Professional Development

The Bone Marrow Adiposity Society is committed to fostering collaborations between members and to the development of trainees and fellows to support the growth and advancement of the field. Consistent with this mission, the BMA2020 meeting featured several trainee discussion sessions and networking events. All members were invited to participate in an open discussion with keynote speaker Dr. Ormond MacDougald, a question-and-answer session with leaders from the National Institutes of Health, and a BMA2020 ‘After Hours Trivia’ social event hosted by Don’t Tell Comedy. In addition, there were two trainee-specific sessions focused on topics including publishing, preprints, and open access (led by William Cawthorn, The University of Edinburgh) and planning for life and job opportunities after research training (led by Gina Woods, UCSD, Hai-Bin Ruan, University of Minnesota, and Christa Maes, KU Leuven). The meeting organizers would like to provide special thanks to Andrea Lovdel and Biagio Palmisano for their contributions to the development of the trainee-focused content and trivia event of the BMA2020 meeting.



BMAS Working Groups

In addition to networking and scientific content, the BMA2020 symposium provided a forum for meetings of the six BMAS working groups (WG). Additional information on the activities of the working groups can also be obtained by following BMAS on twitter (@BMA_Society).

WG1 – Nomenclature. The nomenclature working group position paper reporting Standardized Nomenclature, Abbreviations, and Units for the Study of Bone Marrow Adiposity was published in 2020 (39). The current goal of WG1 is to promote the awareness and application of these guidelines among researchers, journal editors and publishers, and to continue monitoring the emergence of new terms and methods to ensure that the guidelines are updated as the field continues to develop.

WG2 – Methodologies. The goal of the methodologies working group is to encourage the use of standardized methodologies for the assessment of bone marrow adipocytes. The methodologies working group recently published a review on standardization in methodology for the study of bone marrow adiposity (40). After welcoming new members, the methodologies working group decided on new projects. In the coming years the group will focus on in-depth review and discussion of in vivo imaging methods and in vitro systems in the study of bone marrow adiposity, leading to future publications on the topic to promote the standard application of methods in the field.

WG3 – Biobanking. The aim of the biobanking working group is to establish the use of standardized protocols for the collection and storage of materials related to bone marrow adipocytes. WG3 is currently preparing a position paper on biobanking of BMAd-related material. This position paper will cover several aspects of biobanking including introduction to biobanking with a focus on BMAd-related material, patient information, pseudonymization and ethics, types of tissues/sources from which BMAd-related material can be obtained, and isolation protocols to collect bone marrow adipocytes and bone marrow mesenchymal stromal cells for future applications. With this, WG3 aims to reach clinicians and scientists involved in biobanking of BMAd-related material by providing considerations on the collection, storage and use of BMAd-samples.

WG4 - Public Engagement. The working group on public engagement focuses on ways to educate target groups outside the society, including other societies, patient organizations and the public. Since the start of the working group, fruitful collaborations have been set up with affiliating societies, such as ECTS and ASBMR. Finally, WG4 is involved in managing the social media (Twitter, LinkedIn) of BMAS.

WG5 – Repositories. The working group on repositories aims to identify currently existing repositories that contain expression data related to BMAd. Ultimately, this information can be distributed among BMAS members to gain access to the BMAd-related repositories for their research.

WG6 – Sponsoring. The aim of the sponsoring working group is to find partners in industry and academia to financially liaise with BMAS. This committee is tasked with developing a strategy to ensure stable sponsorships for BMAS.



Awards

Awards were presented during the conclusion of the BMA2020 meeting for the highest scoring clinical research and basic/translational research short talks and poster presentations. In addition, to promote scientific discourse and interaction during the virtual meeting, awards were also presented for the “audience choice” best poster presentation, a social media-based photo contest, a community engagement award, and a trivia contest. For the abstract-based scientific awards, all abstract submissions underwent blinded review and scoring by three to five independent reviewers. Abstracts were categorized as “clinical research” or “basic/translational research”, and awards were administered proportionally to the volume of abstracts received in each category; seven such awards were presented for basic/translational research, and three for clinical science. For the short talk and poster presentation awards during the meeting, presentations were scored by representatives from the BMAS Scientific Board on the overall presentation quality, the speaker’s responses during the question and answer session, the impact of the data, and the overall communication of the message. A full list of scientific awards and recipients is provided in Supplemental Table 3.



Concluding Remarks and Perspectives

BMA2020 was the 6th International Meeting of the Bone Marrow Adiposity Society. This was an important forum for discussion within the diverse, growing field of bone marrow adiposity research. The success of the transition to a virtual format has prompted discussions regarding the future integration of both in-person and virtual events to support the attendance of those that are not able to travel to the on-site destination. Moving forward, the BMAS meetings will be held once every 2-years with the next BMA2022 meeting currently scheduled to take place in Greece under the direction of Eleni Douni. In addition to this, several trainees and members within BMAS have come together to organize a virtual training seminar entitled “BMAS Summer School 2021”. This training seminar will take place over three half-days in September of 2021 and feature topical lectures from international experts, skill-based workshops, group discussions, and presentations that will promote the career development of trainees in the field. In conclusion, we are thankful for the overall success of the BMA2020 symposia and the connections made between colleagues despite the global COVID-19 pandemic. Though bone marrow adipocytes are gaining increasing attention as an endocrine cell and key component of the skeletal niche, much remains to be discovered to harness their potential in anti-osteoporotic, metabolic, cancer, hematological, or regenerative therapies. The research highlighted at this meeting and the new collaborations formed between colleagues will undoubtedly contribute to these efforts.
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Over the last two decades, increased interest of scientists to study bone marrow adiposity (BMA) in relation to bone and adipose tissue physiology has expanded the number of publications using different sources of bone marrow adipose tissue (BMAT). However, each source of BMAT has its limitations in the number of downstream analyses for which it can be used. Based on this increased scientific demand, the International Bone Marrow Adiposity Society (BMAS) established a Biobanking Working Group to identify the challenges of biobanking for human BMA-related samples and to develop guidelines to advance establishment of biobanks for BMA research. BMA is a young, growing field with increased interest among many diverse scientific communities. These bring new perspectives and important biological questions on how to improve and build an international community with biobank databases that can be used and shared all over the world. However, to create internationally accessible biobanks, several practical and legislative issues must be addressed to create a general ethical protocol used in all institutes, to allow for exchange of biological material internationally. In this position paper, the BMAS Biobanking Working Group describes similarities and differences of patient information (PIF) and consent forms from different institutes and addresses a possibility to create uniform documents for BMA biobanking purposes. Further, based on discussion among Working Group members, we report an overview of the current isolation protocols for human bone marrow adipocytes (BMAds) and bone marrow stromal cells (BMSCs, formerly mesenchymal), highlighting the specific points crucial for effective isolation. Although we remain far from a unified BMAd isolation protocol and PIF, we have summarized all of these important aspects, which are needed to build a BMA biobank. In conclusion, we believe that harmonizing isolation protocols and PIF globally will help to build international collaborations and improve the quality and interpretation of BMA research outcomes.




Keywords: bone marrow adiposity, bone marrow adipocytes, bone marrow stromal cells, biobanking, cell isolation protocols, international research networks, patient information, clinical studies



1 Introduction

Over the last two decades there has been an increased interest by researchers to study bone marrow adipose tissue (BMAT) in relation to bone and adipose tissue physiology, which expanded the number of publications in the literature. Researchers have used different sources of BMAT to address the major questions in the bone marrow adiposity (BMA) field including: 1) What is the role of BMAT and how does its function change in different physiological and pathophysiological conditions compared to white or brown adipose tissues? and 2) How do we employ bone marrow adipocytes (BMAds) and bone marrow stromal cells (BMSCs) to enrich our knowledge about BMA? However, the methods used to isolate BMAT, BMAds and BMSCs, and the anatomical site(s) from which these are obtained, may influence their biological properties and the downstream analyses for which they can be used reliably. BMA is a young field that has recently received increasing attention among numerous scientific communities (1–5). The goal of this BMA biobanking position paper is to make protocols accessible for all interested researchers and to support researchers in designing their biobanks, sharing their samples and expertise to accelerate progress in BMA research. By facilitating the exchange of knowledge and biological samples, we aim to enhance BMA research worldwide. The BMA biobanking initiative was formed based on discussions among scientists involved in the International Bone Marrow Adiposity Society (BMAS), who created a BMAS Working Group (WG) focused on a need to coordinate biobanking activities in the field; develop guidelines and steps to advance establishment of biobanks for BMA research; and to enhance transparency about differences in BMA-related protocols used among the growing BMA research community. Our Biobanking WG identified currently used collection procedures related to BMAT, BMAds and BMSCs isolated from bone marrow (BM) aspirates, BM plasma and bone tissues. Since samples might be shared among international collaborators, it is critical to consider aligning procedures as much as possible for all sites participating in BMA research, and where access to samples and data will be subject to the strictest scientific and ethical scrutiny. The WG realizes that this is currently impossible to achieve, but as first attempts towards harmonization for biobanks have been successfully employed to access cross-institutional data (6), we aim to report here on the uniformities and discrepancies between protocols and storage of materials related to BMA. Our effort is in line with the recently published BMAS guidelines on nomenclature, abbreviations and units (7), as well as data reporting guidelines and methodological standards (8), produced by the BMAS working groups on Nomenclature and Methodologies, respectively.

Ethical, legal and social issues are complex, affect many biobanking aspects, and have not been fully resolved by the scientific community. In this review, we will also address guidelines in regard to BMA-related biobanking issues, such as informed consent, and compare differences in biobanking procedures and institutional patient information forms (PIFs).

The main goal, therefore, of this paper is to describe the current uniformities and discrepancies for the collection, use, storage and monitoring of BMA-related samples. A stepwise approach going from medical ethical approval through collecting and storing samples to the characterization and analysis of BMA-related samples is depicted in Figure 1. Although we are still far from a global harmonization of protocols, achieving this would greatly enhance the quality and interpretation of BMA-associated outcomes and increase the impact of BMA research. In fact, broad consent for future research may facilitate harmonization as well and, as it is ethically valid, this should be recommended for biobank research (9).




Figure 1 | Workflow for BMA-related research.




1.1 Introduction to Biobanking

Biological collections and collection-based science was first described by Carl von Linné in the 18th century when he proposed the first system of classification for all biological species on earth (10, 11). The term “biobank” was used for the first time by Loft and Poulsen in 1996 when they suggested the use of human biological material to study a risk factor in cancer (12). Ever since, the field of biobanking has been expanding and it is now a fundamental and indispensable infrastructure for global health research (13–15). However, a BMA biobank has not yet been created. In general, a “biobank” includes large collections of biological samples such as DNA, cells, solid tissues or blood samples (16, 17), which are often stored for a long period of time and used only once a certain number of samples have been collected. They can also be processed, distributed, and used immediately. Samples are used by a variety of research projects and end-users, for example in population-based cohorts for diagnostic or interventional clinical trials, for medical needs/treatments, or for basic researchers validating their findings in human samples. Biobanks can be hospital-, government- or academic-based; networked or more isolated; and for profit or non-profit organizations (16–18). The population-based UK Biobank, between 2006 and 2010 collected biological samples from 500,000 volunteers without specific inclusion/exclusion criteria. Its aim was to investigate the influence of individual genetic susceptibility and exposure to external factors (19). In contrast, disease-oriented biobanks collect disease-specific specimens and non-diseased controls (20). Therefore, the definition of “biobank” varies greatly due to different types and components/purpose of biobanks, and because many biobanks evolved in a local and decentralized manner (13, 17, 21). Different national regulations established by local governance such as ethical guidelines or data protection provoke heterogeneity with regard to biobanking; however, for sharing biological samples with the scientific community, standard procedures for harmonization are required (21). Major advantages of the centralization of processing and standardization are the reduction of costs, increased throughput, and improved accuracy of sample handling and picking (22). The Organization for Economic Cooperation and Development (OECD) recommendations on Human Biobanks and Genetic Research Databases (HBGRD), published in 2009, provide guidelines for the establishment, management, governance, operation, access, use and discontinuation of human biobanks and genetic research databases (23). The structural key elements for sustainable international scientific infrastructure are named Biological Resource Centers (BRCs) as defined by the OECD (24). In addition, the International Organization for Standardization publishes standards for biobanks and bio-resources in ISO 20387 (ISO 20387:2018 “Biobanking – General requirements for biobanking”) to harmonize the biobank procedures. It also provides a professional environment for handling not only biological samples but also animal, plant and microorganism resources. Besides quality control of samples, ISO 20387: 2018 also includes validation of methods and competences of personnel (21, 25). In addition to the biobank infrastructure itself, the term “biobank” also covers bioethical and legal issues including ownership, informed consent and privacy – anonymization (17).




2 Informed Consent Form for BMA-Related Research


2.1 Providing Information Before Donation

Informed consent is a first, critical step in any tissue donation. Informed consent is not merely a disclosure form confirmed by a signature, it must also promote participant’s understanding of the research project and emphasize the voluntary nature of participation (26). The informed consent form consists of two parts: the informed consent certificate (containing approval of participant) and the Patient Information Form (PIF). Generally, the patient/donor is presented with the consent form after they have familiarized themselves with the PIF (see below). However, some institutions administer both consent form and the PIF simultaneously. The consent form should state that the patient had time and the opportunity to consider the information contained in the PIF, to ask questions, and obtain satisfactory answers to those questions. The consent form should explicitly state that the risks and benefits of the study have been clearly explained to the participant. The forms can be broad or specific to BMA research; the advantage of a broad consent form is that the collected samples can be used for a number of research projects that do not have to be specified at the time of consent. This breadth may be particularly useful for BMA research, which spans numerous other research fields. On the other hand, formulating the consent form specific for BMA research might make it easier for a donor to agree to participate, as they will know precisely what their samples will be used for. In fact, there is not yet a consensus on the policy regarding consent issues (27). The potential use of biobanked samples for translational work that may involve industrial collaborations and eventual commercial applications should also be discussed, as this may require explicit consent. For this reason, some countries have opted to include on their informed consent template a clause specifying that the patient waives future commercial rights.

Participants should realize that they are signing the consent to allow the storage and use of their specific biospecimens and any data resulting from the research using those specimens. Thus, it should be clear that only approved research studies can gain access to a donor’s de-identified data and samples. Studies that utilize the specimens and/or data need to receive prior scientific and ethical approval by the relevant committees, such as the IRB (Institutional Review Board), and they need to fit within the general requirements of the biobank and align with the consent form.



2.2 Deidentification as Prerequisite Before Consenting

Deidentification of data is a critical component of any research study involving human subjects. The procedures that will be used to protect the privacy and confidentiality of the subject’s data need to be clear to the potential donor prior to consenting. Unfortunately, biobank participants are not always made aware of the confidentiality risks associated with participation, which is a major ethical concern (28). Therefore, the donor needs to clearly understand how records will be secured, who will have access to the identifiable data, and whether names or ID numbers will be used. The procedure for securing the file linking the codes to individual subjects needs to be explained and participants should be informed about these issues while discussing the informed consent (29). Not all institutions include a Data Privacy Statement as part of their consenting protocol, and it is critical that this procedure is standardized across all institutions participating in BMA biobanking.



2.3 Possibility of Withdrawal From a Clinical Study

The consent form should state that the donor can withdraw from the study at any point and the acceptable ways to withdraw (e.g., email, phone call, letter) should be indicated. It should be clearly explained that upon withdrawal, identifiable samples and the associated data will be destroyed, unless the data have already been used for research. This is in line with the guidelines of the International Bioethics Committee (UNESCO) stating that handling of data and biological samples should follow the wishes of the donor unless they are irretrievably unlinked, making it impossible to do so (30). Accordingly, the consent form should indicate that the code that enables re-linking the samples with personal information will be deleted and only the signed consent form and a copy of the withdrawal letter will be kept as a record. These steps will prevent information about the donor contributing to further research and analyses.




3 Patient Information Form as Basis for BMA-Related Biobanking and Ethics Discussion

Many research institutes have templates for patient information and informed consent forms, and The Research Ethics Review Committee of WHO provides general templates and recommendations that can be adapted to specific needs (31). Within a PIF, the participant taking part in the study should be accurately informed about the planned study, what material will be collected and how it will be stored and used for research purposes. Although not every detail of the study has to be provided, the donor should have a rough idea of what will be done with his/her material and know that the collected samples will be handled with the utmost care and adherence to the various regulations, including those according to the General Data Protection Regulation (GDPR). The consent process can be improved by using clear and simple language in the documents (26, 32). Discussions between investigator and patient are encouraged to improve participant comprehension and ensure consent to participate (32). Below is a list of items that the WG believes should be mentioned in the PIF and which will be elaborated upon briefly, point by point (Table 1).


Table 1 | Issues to be considered in patient information and informed consent forms.




3.1 Positive Disadvantages or Risks and Benefits of Donation

With every medical treatment or procedure there is some risk involved. Thus, the sample procurement procedure should be sufficiently risk-assessed and communicated to the donor. Standard donation through tissue biopsies or blood drawing constitutes minimal risk, while BM biopsies or aspirations are more invasive and have an increased risk of various complications that need to be specified. Complications are rare, but as with any procedure involving a tissue biopsy, there is a small risk of bleeding and/or bruising from the sampling site. Moreover, there are descriptions of rare cases of deep tissue infections, severe internal bleeding or bone fracture associated to the BM biopsy/aspiration procedure. In the case of sampling as a byproduct during knee/hip surgery, there are no other risks beyond those usually associated with surgery. In all cases, there should be a lead doctor or research nurse involved to answer questions surrounding the tissue/cell collection. Moreover, donors should be informed about the potential risk of not being able to use the material, for example by unanticipated loss or low quality of the material obtained.

Benefits also have to be addressed towards the donor, with the general message that no direct benefits (e.g. financial or material) can be obtained from participating in a study. Having said that, being a donor contributes to the general understanding of diseases or tissues, such as BMAT, which may lead to future development of new, effective treatments, and thereby may benefit patients. In addition, healthy control donors are often compensated for their involvement in a research study in the form of a small fee for the incremental inconvenience, burden or risk associated to dedicated tissue collection, as opposed to the often-uncompensated donation of residual tissue obtained upon routine medical procedures (33–35). Providing relevant background information about the goals of the study and the expected results is key and will increase participation rates. This will lead to more impactful studies with more reliable conclusions on BMA-related outcomes.



3.2 Constraints and Safeguards of Biobanking

For any clinical study to start, two critical steps are required. Firstly, approval of a medical ethical board is required within the institute where the study is conducted. When a study is multi-centered, there should be an additional approval from the cooperating institutes, but this could be partial or less stringent as long as the coordinating center has a full approval.

Secondly, a valid, written consent is needed before the acquisition or use of the intended BMA-related sample or associated clinical data. By definition, the donor’s participation is always voluntary and he/she can always withdraw from the study. The participant will never have access to his/her own data as all data are anonymized. In fact, as soon as a sample is obtained, it should be fully deidentified through encoding in any biobank. None of the users employing the samples or analyzing data belonging to the study can trace back any of the material to any of the person-related data belonging to the donor. This is one of the primary requirements for any medical study involving patient or participant biomaterial and all effort should be taken to prevent any breach of confidentiality.



3.3 Differences Between Institutional PIFs and Biobanking Procedures

In preparation of this position paper, the BMAS Biobanking WG has scrutinized and compared PIFs derived from seven different institutes across Europe and the US. It became evident that there are differences regarding the various aspects described above, especially in the context of the actual content and the level of detail of the proposed research, but also with respect to which measures have to be taken to safeguard the anonymity of the participant in the study and the protection of the acquired data. We thus realized that there are many hurdles to overcome in an attempt to harmonize protocols and procedures across the globe.




4 Biological Materials Relevant for BMA-Related Research

The types of tissue/cell that will be collected for BMA-related studies are primarily driven by the sample accessibility. Bone and BM samples can often be obtained during invasive procedures, such as surgeries (joint replacement, amputations, open-heart or spinal surgery), autopsies, BM biopsies and BM aspirates (8). The nature of the research depends on the surgery and biopsy type, which determines the anatomical site, patient characteristics (underlying pathology, age, sex, etc., as reviewed below), quantity and quality of sample, and transportation/storage capabilities. Other tissues, such as subcutaneous white adipose tissue (WAT) and venous blood, can also be collected in parallel, but only waste/discarded material, or small samples that cause minimal risk, should be used. Subcutaneous WAT is relatively easily obtained at the site of surgery and can be used as a reference for BMAT analyses, and serum/plasma can be assessed for relevant biomarkers, for example for metabolic function and bone remodeling (biochemical analyses).

The presence of BMAds is variable depending on the surgery site but could be also due to patient heterogeneity (Figures 2A–I). For example, as demonstrated from Magnetic Resonance Imaging analyses, the femoral head is expected to be more enriched for BMAds compared to the ilium, while the femoral or tibial diaphysis are expected to have even greater BMA than the femoral head (36). The pathophysiological context can also be a source of heterogeneity in BMAd development and phenotype, and can consequently influence the BMAd isolation, analysis, and study outcomes. Indeed, age, sex, lifestyle habits, metabolic status (e.g. obesity, diabetes, anorexia), medications (e.g. thiazolidinediones, glucocorticoid analogs, hormonal substitutive therapy, radio- or chemo-therapy) and the pathology underlying the orthopedic surgery (osteoporotic fractures, osteoarthritis, osteonecrosis, etc.) are conditions known to modify the BMAd component [as reviewed in (37–41)]. Therefore, it is important to collect donor clinical characteristics, including age, sex, body mass index (BMI), medication history, and incidence of fractures in order to better define the heterogeneity of clinical material (Table 1).




Figure 2 | Schematic figure showing the locations from which BMAT is obtained. Locations from which BMAT is obtained, heterogeneity in tissues (e.g. more fatty vs less fatty) and collected fractions. (A) transiliac bone autopsy obtained with a Bordier trephine and (B) iliac bone marrow biopsies obtained with a Jamshidi trephine; (C) femoral head autopsy; (D) epiphyseal or (E) metaphyseal tissue from femur; (F) diaphyseal bone or (G) bone marrow from femur; (H) tissue from the distal femoral epiphysis; (I) bone tissue from the proximal tibia.



In this context, it is very challenging to establish a harmonized “healthy” control set for biobanking as the definition of “healthy control” varies among different studies, depending on the clinical sampling, the aim and biological questions. The “healthy control” samples are ideally obtained by BM biopsies and aspirates from healthy volunteer donors. Yet, as emphasized above, ilium may not represent the most reliable bone site to study BMAds. Orthopedic surgery of healthy patients (not diagnosed with BM diseases or necrosis) following trauma or amputation are an exception, while it is sometimes possible to get “healthy” samples considered as debris during surgery. In fact, this type of surgery currently delivers most of the “healthy” samples. Post-mortem sampling from organ donors can also be considered if the subsequent analyses (such as adipocyte histomorphometry) are compatible with a delayed processing; however, BMAd molecular characteristics are likely to be compromised in such post-mortem samples. It is the responsibility of the research team to clearly establish and describe the inclusion and exclusion criteria, which subsequently allows for categorization of “healthy” or “control” versus “study” group(s). Alternatively, a referent cell type (e.g. subcutaneous adipocytes, BMSCs from another bone site) isolated from the same patient can be used for comparisons.


4.1 Choice of BMA Relevant Biological Materials and Their Use

Due to the various types of tissue and cell types relevant to BMA, the unclear definitions of cell populations and the relatively recent emergence of the field, the methodology behind collecting BMAT, BMAds and BMSCs is heterogeneous as recently reviewed (8). It is important, for all samples that have been collected, to specify if screenings have been performed for viral diseases (typically HIV, HBV and HCV), as in some countries a negative test is a prerequisite to allow usage of the samples in research facilities. So, for the future of biobanking it is important to keep track of these variables.


4.1.1 Operation Specimens and Autopsies

A reliable method to obtain fresh BMA-relevant biological material is during orthopedic surgeries, such as knee and hip replacements, reconstructions, corrections and amputations. During these operations, a key part of the surgical procedure is removal of bone and BM that is often discarded after the surgery. It is possible to recover this biological material for BMA-related research and biobanking. A good example is hip replacement surgery, where the femoral head and part of the trabecular bone cavity are removed and simply discarded, if not transferred to a bone bank as allograft material. With these surgical specimens, it is possible to process samples for downstream detailed histology (see BM biopsies) (Figures 2A–I) or to isolate almost all desired adipocytic, stromal and hematopoietic BM cell types; see also section 4.2.

Post-mortem autopsies offer a unique opportunity to obtain BMA-relevant biological materials from several skeletal sites, and not only the classical sites undergoing orthopedic surgery or BM biopsies. As mentioned earlier, these autopsies are useful only for simple adipocyte histology and histomorphometry, and ex vivo imaging by micro-computed tomography (µCT); they are not suitable for molecular analysis and cell isolation (unlike for fresh operation specimens and BM biopsies). Nevertheless, histomorphometry and imaging of autopsy samples are still useful as they allow for analysis of the BM compartment to analyze the BMAd content, morphology and size (Figure 2A). High quality tissue may however be banked in the exceptional context of systematic bone tissue collection from post-mortem organ donors.



4.1.2 Bone Marrow Biopsies

Transiliac bone biopsies obtained with a Meunier/Bordier trephine (inner diameter 5-8 mm) have for decades been the gold standard within bone research and diagnostics. These biopsies are obtained under a quite invasive procedure, usually performed under general anesthesia. For BMA-related research, it is sufficient to obtain iliac BM biopsies with a Jamshidi trephine [inner diameter 3 mm, recommended length 2 cm (42)]; this is a much-less-invasive procedure usually performed under local anesthesia, which also allows for collection of a BM aspirate (Figure 2B). These 3-mm bone marrow biopsies are the gold standard in hematology research and diagnostics, and due to their less-invasive nature they are more justifiable from an ethical perspective. The usability of these biopsies is versatile for BMA-related research, as it is for surgery specimens. For BMA-related research by histology there is no need to embed the undecalcified specimens/biopsies in plastic, as done for classical bone histomorphometry. Instead, the specimens/biopsies can be fixed, decalcified and paraffin- or frozen-embedded. Ex vivo imaging by µCT or similar method can be performed before the specimens/biopsies are decalcified. The embedded specimens/biopsies are then usable not only for adipose histomorphometry (see autopsies), but also for more advanced molecular histology, like multiplex immunostaining, in situ hybridization, laser microdissection and spatial transcriptomics (8). This facilitates detailed analysis of BMAd spatial distribution, gene expression profile, and interaction with other cell types in the BM.



4.1.3 Bone Marrow Aspirates

BM aspirates are primarily taken from the iliac crest or femoral BM biopsy (occasionally from femoral epiphyses) site, usually following the biopsy under local anesthesia. This is a less-invasive procedure and allows for relatively easy collection of BM fluid containing various cell types, including adipocytes (43–45). The BM aspiration procedure is not necessarily familiar to the participant and the PIF should describe what happens during sampling on a step-by-step basis, including injection of the local anaesthetic into the location where the sample is to be taken from. BM aspirates are especially useful for the collection of various cell types, including a BMAd-enriched fraction (see Section 5) and BMSCs (8). The cells can be directly cultured following collection, or they can be prepared for storage to be analyzed later. Typically, the different BMSC-related cultures are employed to study cell behavior, differentiation, marker expression and/or their interaction with other cell types (mimicking the situation in BM). BMAd-enriched fractions can be extemporaneously used or stored for further molecular and biochemical analyses. Although no cell type or tissue collection is involved, in vivo analyses of BM are increasingly available and provide a good source of information on BMA content, composition, spatial and temporal distribution (etc.), and it would be very helpful to compare these in vivo analyses to biobank data (8).



4.1.4 Subcutaneous Fat

Subcutaneous WAT can be collected at the surgery site and provides a rich source of adipocytes and Adipose tissue-Derived Stromal Cells [ADSCs, nomenclature according to (7)], that can be used for reference, for example for comparison with BMAds and BMSCs.



4.1.5 Blood Samples

Venous blood can be collected in different ways depending on the research question but most often is stored in the form of serum (for measurement of biochemical parameters e.g. lipids, growth factors, hormones or plasma collected in the presence of anti-clotting agents (e.g. EDTA or Heparin) (for molecular analyses, chemistry, or cell culture). Quantification of metabolites in blood samples requires standardization of pre-analytical processing and rapid cooling down, as reviewed here (46–48). If blood samples are obtained in the fasted state, it is also possible to investigate the level of bone resorption and formation using markers like P1NP, CTX, NTX and TRAcP, and link this to the bone metabolic state (49).




4.2 Isolated Human Primary BMAds and BMSCs

BMAds are present scattered or more packed within the BM of different bones in humans (Figures 2A–I). Accessibility of the BM cavity is obviously required to isolate BMAds, which restricts the bone sites available to obtain samples [i.e., BM biopsy sites, resected bone pieces and BM aspirates of long bones obtained during orthopedic surgery (Figures 2A–C, 2E and 2G)]. So far, BMAds and BMSCs have been obtained from different locations including the femoral head (50, 51), the diaphyseal end of the femur or tibia (52), BM aspirates from the femur (53) and the iliac crest (54, 55) (Figures 2A–C, F–G, I and 4).

Specific procedures for the collection of BMAds are relatively novel (see below), and in some cases freshly isolated BMAds may be needed for immediate analysis. However, BM fragments and BMSCs have been successfully collected and biobanked, followed by optimized characterization of the cryopreserved material (56, 57).

The process of sampling is also variable and influences the quality of BMAd isolation. For example, for hip arthroplasty the femoral head is removed using a surgical saw and, prior to insertion of the artificial hip, the medullary canal is cleared using a reaming tool before aspiration of the BM. These steps are often done using electric saws and reamers, but non-electric tools can also be used. Similarly, some electric reamers simultaneously aspirate the BM cavity, but aspiration can also be done manually, post-reaming, using a syringe and soft cannula. These different methods (i.e. electric vs non-electric) can affect the quality of BMAds as a result of differences in heat production and/or mechanical stress (51, 53, 58).

Thorough discussions with the surgeons are thus instrumental to determine the optimal processes and to adapt surgical techniques, when possible, for BMAT sampling.

As previously encouraged (8), a detailed description of the source of BMAds is consequently required for biobanking purposes and study comparisons. Firstly, minimal information should state the original skeletal location, i.e. distal/proximal bone site, trabecular bone or BM (Table 2). Secondly, patient characteristics should be reported including the distribution by age, sex and BMI as well as the pathophysiological context, i.e. the presence of bone disease, osteo-articular disease, hematological disease, malignancies, and their related treatment. According to the studied questions, other specific parameters (such as BMI, metabolic status when relating to energetic metabolism perturbations for example) are also expected. Thirdly, how the original clinical sample is obtained (i.e., use of electric or non-electric surgical tools, use of digestion or other sample processing and any other relevant details) should also be described.


Table 2 | Summary of critical steps for BMAd and BMSC isolation to highlight differences between protocols.






5 Methodology of BMA-Related Cell Isolation and Analysis

Various protocols for human BMSC isolation (55–57, 59–61) and, to a lesser extent, for BMAd isolation (50–54, 62–64) have been published. Isolated BMSCs are classically used in vitro to analyze their differentiation capacity into different lineages, to study BM cell interactions, to characterize progenitor markers, to analyze BMSC senescence and to compare their molecular and cellular characteristics to different sources of stem cells, including peripheral ADMSCs. Thus far, applications for isolated BMAds are devoted to characterizing their specific phenotype by comparison with extramedullary adipocytes, such as subcutaneous WAT adipocytes, using RNA analyses, proteomics or lipidomics. The downstream analyses, as well as the research context encompassing the biological questions, the clinical sampling and the type of comparative/referent samples, have to be taken into consideration for the choice of the isolation method.

In this review we provide dedicated protocols for isolation of BMAds and/or BMSCs. As discussed within each section, the absence of other contaminant cells, the cell integrity and the cell yield determine the success of the method. Considering the great heterogeneity in patients and samplings, it is advised to file a small piece of the initial tissue for histological analysis (Figure 2). Besides, BMSCs can be obtained, though in small amount, during the BMAd isolation procedure. In addition, a floating lipid-loaded cell layer is often observed following the processing of BM aspirates or trabecular bone samples before any collagenase digestion (Figure 3A). This cell fraction most likely results from the surgical procedure that allows the release of BMAds that are loosely attached and contains both BMAds and contaminant cells from the hematopoietic and the stromal compartment. We suggest referring to this as a BMAd-enriched fraction (i.e. fraction that is obtained from BM but without collagenase digestion, as illustrated in Figure 3B), which could be used for lipid analysis. Yet, this BMAd-enriched fraction should be used only after digestion and washing steps if pure BMAds have to be analyzed. This floating lipid-loaded cell layer is not to be confounded with the free lipid layer that results from spontaneous cell lysis upon excessive mechanical processing, excessive ambient temperature or handling time (Figure 4).




Figure 3 | Processing of the BMAd-enriched fraction without digestion step. (A) Samples are received from surgeries into their transport buffer. The adipocyte-enriched layer is harvested, filtered and washed. (B) Several examples of BMAd-enriched fractions after washing are shown.






Figure 4 | Schematic protocol for isolation of BMAds and BMSCs. (A) Strategy to recover BMAds and BMSCs depending of the tissue source. (B) Wash and mince the selected tissue. (C) Digestion strategy using collagenase digestion to increase the release and the purity of BMAds. Some encountered challenges are shown such as the lysis (1) and low yield (2) of BMAds. At the end of the process pure BMAds are obtained. (D) BMSCs isolation with tubes showing the variation observed between samples. BMSCs are obtained after centrifugation of the serum fraction and the BSMC-enriched fraction.




5.1 Isolation of BMAds

Various laboratories have already started working on BMAds isolated from BM aspirates, from femoral diaphysis (51–53, 64), from trabecular bone of the proximal femoral metaphysis/epiphysis (51), the femoral head (50, 62, 65), femoral BM fluid (62), the proximal tibia (52) or the iliac crest (54) (Figures 2A–I). Within our working group, three protocols were set up and validated to isolate and purify BMAds, and accordingly, the critical steps to obtain pure primary BMAds for different analyses are depicted here. These main steps are based on protocols commonly used for the isolation of adipocytes from peripheral WAT, which have been adapted from the initial work of Rodbell (66). Tissue digestion is commonly performed using collagenase to release BMAds from the extracellular matrix, which is mainly composed of collagen fibers (67). Indeed, if the study relies on a comparison between isolated BMAds and WAT adipocytes, a similar method based on collagenase digestion should be performed. However, this enzyme-based isolation is not required if the study focuses on characterizing only BMSCs. Within the following sections we describe how the clinical sample is obtained and provide a general protocol to process these samples with joined notes to discuss key aspects. The main differences between our three protocols relate to reagents, as highlighted in Tables 2, 3. It is important to emphasize that each protocol has been tested and established separately. As combining reagents between the protocols has not been validated, it is recommended to strictly use the advised reagents for the selected protocol.


Table 3 | Composition of buffers used for sample transportation.




5.1.1 Isolation and Transport of Samples

As mentioned above, BMAds are isolated from femoral head, BM aspirates of femoral proximal metaphysis/diaphysis or trabecular bone from distal femoral epiphysis (Figure 4).

The femoral head is removed with an electric bone saw and stored in buffer or processed immediately in the surgical theater and the bone fragments obtained by mechanical processing stored in transport buffer. To obtain BMAds from the femoral head (51, 65), the trabecular core is first exposed by bisecting the femoral head longitudinally using an electric bone saw. A sterile spoon spatula is then used to cut and scoop out ~1 cm3 portions of the trabecular bone from within the femoral head. The medullary cavity of the proximal femoral metaphysis and diaphysis is then cleared of trabecular bone by using a manual reaming tool, with a bone mallet used to drive the reamer into the medullary canal. To obtain BMAds from it, portions of trabecular bone are then removed from the reaming tool, washed and stored in buffer (51) (Figures 4A, B).

To obtain BMAds from the proximal diaphysis, BM from this region is aspirated using a soft cannula attached to a manually operated syringe. The aspirate is then transferred to a sterile petri dish or specimen tube prior to washing and storing in buffer (51, 53, 64) (Figures 4A, B).

To obtain trabecular bone from distal femoral epiphysis, 1 cm3 of cancellous bone square is taken in the center of the femoral epiphysis using adapted cold chisels after the first distal femoral cut during knee prosthetic surgery (Figures 2D–H).

As soon as the sample is harvested, it must be placed in transportation buffer (Table 3) and transferred to the laboratory in the quickest possible manner1,2,3.

Notes:

	1- Different buffers are used in our laboratories and the composition of these buffers is detailed in Table 3. All these media should be at pH 7.4 (buffered with HEPES and/or bicarbonate) and contain inorganic salts and glucose as nutrients are needed to maintain tissue integrity.

	2- It is recommended to transport the sample at room temperature (~20°C) and to minimize strong temperature changes. Yet, for some applications such as molecular analysis (RNA expression, protein or lipid content characterization), keeping samples at 4°C (on ice) can be advised as reported in (51). For biobanking purposes, the effect of transport/storage conditions on cell properties and on any post-isolation changes still remains to be tested. At the moment, we recommend documenting the transport/storage conditions for every sample.

	3- Ideally the transportation should be achieved within 30-60 minutes since the reduction of oxygenation and nutrient deprivation at the center of the sample may compromise tissue integrity, as already reported for other adipose tissues (53, 64).





5.1.2 General Protocol for BMAd Isolation

Reagents and Equipment:

	digestion buffer with collagenase (composition in Table 2), pre-warmed at 37°C

	washing buffer (composition in Table 2), pre-warmed at 37°C

	shaking water bath at 37°C

	Polypropylene tubes4

	cell strainer (100 µm) or a Nylon mesh (porosity between 150 to 300 µm)

	classical instruments and lab pipets/tips



Notes:

	4- To limit the lysis of BMAds we recommend working only with plastic, because glass tubes cause lysis of adipocytes.



General Protocol (Figures 4B, C)5:

	Rinse the tissue several times in the transport buffer (Table 2) to remove tissue debris and clotted pieces.

	Mince the tissue in small pieces to facilitate digestion6 and add tissue pieces in the digestion buffer7,8 containing collagenase9.

	Digest the tissue at 37°C in a water bath under gentle shaking (from 120 to 200 rpm) with a careful and continuous monitoring of the incubation time10.

	At the end of digestion11, filter the cell suspension, either on a cell strainer or a Nylon mesh over a tube. The strainer or mesh should have a pore size of at least 100 µm, given the large size of adipocytes.

	Add washing buffer to dilute the collagenase and to rapidly stop the collagenase action.

	Allow the adipocytes to then float in the filtered suspension either storing upright the tubes or centrifuging (5min, 300 g).

	Aspirate the infranatant and the cell pellet12.

	Wash 3 times the floating adipocytes by adding washing buffer and centrifuging for 5 min at 300 g to pellet contaminant cells13,14,15.

	Collect the BMAds in this floating layer using a micropipette16 or by removing the remaining washing buffer as much as possible following a short centrifugation step to pack the floating cells17.



Notes:

	5- The isolation protocol is performed at room temperature with the exception of the digestion step. Please be aware that in poorly temperature-controlled environments (for example in the summer months), BMAd viability may be considerably compromised.

	6- Unless the tissue is already partly dislocated, such as for the BM aspirates, the other tissue types (e.g. cancellous bones) are then minced in small pieces to facilitate digestion. Cancellous bone from the femoral epiphysis or metaphysis is for example transferred in a small flat plastic dish and kept immersed in digestion buffer to be cut using a scalpel or scissors to get pieces of ~5mm3. During cutting, the bone can be held in place using cutting clamp or forceps, as needed.

	7- The digestion is favored by an appropriate balance between the volume of digestion buffer and the amount of tissue fragments. We recommend the use of two buffer volumes for each sample volume or, if preferred, 2 mL buffer per gram of tissue.

	8- Digestion buffer can vary from PBS, Dulbecco’s Modified Eagle’s Medium (DMEM) to Krebs Ringer HEPES (KRH), highlighting the importance of a basic ionic strength (Table 2). The presence of glucose may not be necessary during a short digestion duration but can be advised to minimize changes following transportation or when metabolic features of BMAds are studied. Importantly, the presence of fatty-acid-free Bovine Serum Albumin (BSA) at classical concentrations of 2 to 3% (w/v) is instrumental: BSA binds the released fatty acids and prevents their detergent action on cell membrane (68).

	9- Different collagenases can be used with yet a careful choice (Table 2). Indeed, collagenase preparations differ between manufacturers and from batch to batch. Thus, our labs first check the efficiency of the collagenase batch they use and determine the collagenase amount and the digestion duration to obtain a BMAd suspension. BMAds are more fragile and loosely associated compared to adipocytes from WAT. Thus, digestion time for BM tissue can be reduced; however, it remains unclear how differences in digestion duration affect the final properties of the BMAds and WAT adipocytes.

	10- An optimal shaking should provide the appropriate diffusion of the collagenase with the whole tissue fragments while mixing the fatty acids with BSA, and yet should also avoid BMAd lysis. This shaking can modulate the digestion duration and can also be adapted according to the samples. As a general rule, shaking force should be highest at the beginning and reduced with time. Incubation time can vary between 15 and 45 minutes.

	11- Digestion occurs when increased turbidity appears. The medium becomes more and more opaque because of BMAds which, once released, float at the surface (especially evident once the tube is no longer being shaken). This step should be continuously monitored and stopped when cell release from bone pieces seems reduced. Besides, the digestion must be stopped when large amounts of lipids are released (i.e., oil appearance in the suspension meaning that adipocytes burst).

	12- The cell pellet contains BMSCs, which can be harvested at this step. After removing the adipocytes, the remaining buffer with collagenase is aspirated. In a sterile hood, pellet is resuspended in red blood cell lysis buffer according to the manufacturer’s instructions: add 1ml of buffer, vigorously pipette to mix, let sit for 1 min, add 15 ml of KRH buffer (without BSA), pipette to mix. Then, split cell resuspension into two 14 mL falcon tubes and centrifuge at 300 g for 10 minutes prior to remove the supernatant. Then the pellet is resuspended in appropriate culture medium as described in the BMSC section (5.2.3).

	13- Even after cell dissociation with collagenase and separation of adipocytes by flotation, some contaminant cells can remain attached to adipocytes. Thus, to purify adipocytes, it is important to wash and centrifuge the adipocyte suspension to pellet contaminant cells.

	14- BMAds are fragile and can burst during the washing steps so we recommend doing this step as quickly and gently as possible.

	15- For Western blots or proteomic analyses, BSA must be removed to allow a correct protein quantification of the samples. To do so, it is important to wash twice with PBS.

	16- If using a pipette, it is recommended to cut the tip using a scalpel to increase the bore size of the pipette tip; this prevents shear stress and lysis of the BMAds.

	17- If BMAds are to be used only for downstream molecular analysis, it can be advised to store the tube on ice to facilitate formation of the floating adipocyte layer, to use ice-cold washing buffer to minimize any further molecular changes and to centrifuge at 4 °C. In that case, the use of glass pipettes to homogenize in the RNA extracting reagent is beneficial because this promotes BMAd lysis and prevents adherence of the cells to the pipette, thereby increasing yields.





5.1.3 Freezing and Storage of BMAd Samples

The isolated BMAds can then be frozen according to the future analyses18 as indicated in the overview in Table 4. Special attention should be paid to the cell volume to adapt the volume of RNA extraction reagent (about 1:6 or 1:10 v/v) and to remove lipids. As for adipocytes from WAT, excessive lipid can prevent efficient RNA isolation. Thus, following initial cell lysis, it is helpful to allow the homogenate to settle on ice, resulting in a formation of a floating lipid layer. This lipid layer can then be removed and discarded, to be replaced by a similar volume of RNA extraction reagent.


Table 4 | Recommended storage of isolated BMSC and BMAd samples.



For untargeted lipidomics, BMAds can be frozen in methanol to allow a better stability of lipids. For targeted lipidomics, the extraction buffer is different depending on lipid classes. Thus, we recommend freezing samples directly in the appropriate extraction buffer. In other cases, BMAds can be frozen without extraction buffer but under nitrogen gas to prevent the oxidation of lipids.

Notes:

	18- We recommend freezing a known volume of adipocytes in liquid nitrogen and keeping samples at -80°C until use. When subsequent analyses are already planned, samples can be stored in specific media for better stability.





5.1.4 Approaches to Check Purity and Viability

One issue with BMAd isolation is that non-BMAd populations may contaminate the layer of floating cells. As an example, human BMAds can have direct interactions with osteoclast precursors (62). Considering that macrophages are contaminants of isolated WAT adipocytes, other surrounding cells (e.g. BMSCs, endothelial cells, hematopoietic or immune cells) may remain attached to the floating BMAds. In addition, the evaluation of BMAd viability may be beneficial to discard cell alteration from the isolation procedure or for subsequent functional analysis.


Evaluation of Cell Purity

Immunofluorescence (IF) imaging is suitable to check both the morphology preservation following isolation and the size of BMAds, as well as potential contaminants. For good IF imaging it is better to embed BMAds in a matrix of fibrin gel (53). BMAds should contain a large lipid droplet filled with lipids, which can be stained using a fluorescent dye for neutral lipids such as BODIPY or LipidTox (Figure 5A), or the lipid-droplet marker Perilipin 1 (PLIN1) (53, 63). Nuclear staining (using DAPI, Topro 3 or Hoechst) can inform on the presence of contaminant cells that could remain attached to BMAds (Figure 5B) (53, 64). Though not yet reported for human BMAds, the presence of specific markers such as CD45 for leukocytes and CD11b for myeloid cells has already been performed for mouse isolated BMAds using immunostaining to discard monocyte or macrophage contaminants (69). Alternatively, flow cytometry analysis following immunolabeling for markers of endothelial cells (CD31), stromal cells (CD105, CD90, CD24) has also been reported to validate the purity of human BMAds (63, 70).




Figure 5 | Histological images demonstrating the purity of the BMAds. (A) BMAds were stained with Hoechst and LipidTox DeepRed. Stromal-vascular cells (SVCs) were included as a negative control for LipidTox staining. Stained cells were then analysed using a Nexcelom Vision Cellometer. Adipocyte images confirm that all nuclei are associated with unilocular lipid droplets and there are no lipid-free nuclei, suggesting an absence of contaminating non-adipose cell types. Analysis of the SVC fraction confirms that the LipidTox signal is dependent on the presence of lipid droplets. Scale bar represents 100 μm. (B) BMAds were stained with BODIPY and Topro 3 to verify by IF the integrity of BMAds (BODIPY staining) and the purity of the adipocyte suspension. Nucleus staining show the presence of contaminant cells attached to adipocytes (red squares).



BMAd purity is usually assessed by analyzing the expression of typical transcripts. Adiponectin (ADIPOQ), PPARγ (PPARG), leptin (LEP) (69) and PLIN1 (63) are used as classical adipocyte markers. Other genes such as integrin alpha-5 (ITGA5), CD11B (encoded by ITGAM) and CD45 (encoded by PTPRC) have also been used, respectively, as markers of stromal cells (both for BMSCs and stromal vascular cells within WAT), leukocytes and other hematopoietic cells (51, 65). Based on the specifics of the conducted study, other markers for osteoblasts [e.g. RUNX2, Osteocalcin (62)] and for osteoclasts (TRAcP, Cathepsin K) can also be helpful to test cell purity.



Evaluation of Cell Viability

Based on previous studies investigating functional assays on BMAds (e.g. lipolysis) (53), metabolic studies require at least 50 µl suspension (around 50,000 cells) per condition and several experimental conditions (with and without pharmacological agents) are needed. However, the number of BMAds at the end of the purification process is generally limited and they are very fragile. Of note, other functional tests with isolated BMAds have already been performed following a 24h culture in various media (62, 63) or ceiling culture (54, 65), yet the impact of this subculture has not been clearly assessed. Therefore, it should be emphasized that these functional metabolic assays are difficult to set up and do not seem appropriate to rapidly check the viability of BMAds. Other developments of functional tests are thus to be pursued based on our growing knowledge of BMAd metabolism.





5.2 Isolation and Culture of BMSCs

Within our working group, we reviewed two protocols for the isolation of BMSCs and BMAd-enriched fraction and validation of the purity of BMSCs obtained by BM aspirates from iliac crest or femoral head (55) (Table 2). Based on the source of BM aspirate, the yield of isolated BMSCs can differ (BM aspirate under local anesthesia vs BM aspirate taken during an orthopedic surgery procedure). In the following paragraphs, we describe a general protocol accompanied with the notes to highlight the critical steps and remarks which need to be considered during isolation.


5.2.1 Isolation and Transports

BMSCs are isolated from BM of “healthy volunteers” (non-relevant diagnosis prior to surgery), from hematological patients at the iliac crest, or from orthopedic patients upon gentle washing of the femoral head (obtained and fragmented into pieces during hip replacement surgery) (Figures 4B, D). An aliquot of one ml of BM diluted with heparin can be centrifuged 2,000 g, 10 min at 4°C to preserve BM plasma. After centrifugation, the supernatant (BM plasma) is transferred to a new tube and frozen at -80°C for subsequent analyses.

BM aspirates are obtained by aspiration of 5-10 mL from the iliac crest after infiltration of the area with local anesthetic (lidocaine, 10 mg/mL), in a 20 mL syringe and mixed 1:1 with basal media containing heparin (100 U/mL) or EDTA (1 mM)1,2.

After the isolation of the BM aspirate, the samples are transferred to a tube prepared with buffer containing anticoagulant and directly processed for isolation of BMSCs and BMAd-enriched fraction. The BM samples should be processed within a couple of hours, otherwise the viability of the cells can be compromised3.

Notes:

	1- We do not observe a huge difference between heparin or EDTA as a source of anticoagulant in the buffer for transport of BM aspirates regarding the yield and viability of isolated BMSCs. Similar results are obtained by collecting BM aspirates into commercial EDTA tubes or by using 1 mM of EDTA (replacing Heparin) into PBS.

	2- Before the procedure, Minimum Essential Medium (MEM) is prepared with heparin (100 U/ml) or with 1 mM EDTA and kept at 4°C.

	3- The BM samples should be ideally transferred at room temperature and processed within two hours. The transport duration and temperature should be recorded, as described previously.





5.2.2 General Procedure for BMSC and BMAd-Enriched Fraction Isolation

Reagents and Equipment:

	Lymphoprep (StemCell, Scintila) (stored at RT, protected from a light) OR Ficoll (Ficoll-Paque™ PLUS (#17-1440-03, GE Healthcare)

	MEM (Invitrogen cat.no. 04193013M, stored at 4°C)

	MEM + 10% Fetal Bovine Serum (FBS) + 1% Penicilin/Streptamycin (stored at 4°C)

	Human Fibroblast Growth Factor (FGF)-2 (R&D system, # 233-FB-010) to add directly to the medium at 1 ng/mL (optional)

	Heparin (1,000 U/ml; stored at 4°C)

	Sterile filter (0.2 μM)

	10 ml syringe

	Basket filter 100 μM

	Kwill or Falcon plastic tubes

	Small disposable needles

	Pasteur pipette

	Centrifuge with cooling and setting for non-break spinning



General Protocol (Figure 4):

	Dilute harvested BM aspirate 1:1 in PBS (with Ca and Mg), mix gently and immediately divide into two 50 ml Falcon tubes4.

	Add 10 ml Lymphoprep or 15 ml Ficoll by the kwill plastic tubes, which is placed at the bottom of the tube in order to create a gradient for the separation5.

	To obtain a floating BMAd-enriched fraction centrifuge samples at 1,050 g for 25-30 minutes at RT without brake. For BMSCs, centrifuge samples at 300g 30 min at RT without brake. After centrifugation, collect the BMAd-enriched fraction on the top by a pipette (Figures 3B, 4C) and follow the steps of washing and harvest in appropriate buffer depending on the subsequent analyses6,7.

	For the mononuclear cell component containing the BMSC fraction, isolate the buffy coat with a Pasteur pipette and transfer to the prepared 50 ml Falcon tube with preheated MEM medium. The buffy coats from both tubes are combined8. Higher BMSC yield can be obtained by also recovering the “serum” fraction above the buffy coat and below the floating BMAd-enriched fraction, which contains less cells but relatively enriched in BMSCs.

	Centrifuge tube at 1,050g for BMAds or at 300g for BMSCs for 10 min. Aspirate supernatant, disperse cell pellet in fresh complete medium (~ 20 ml), count the cells and seed them for in vitro cultivation9.



Notes:

	4- Before the gradient separation (by Lymphoprep or Ficoll), the BM sample is filtered with a cell strainer (100 μm) to remove big clumps that can cause disturbances in the gradient. We apply a sterile plunger the filter to break the small aggregates and cell clusters.

	5- Lymphoprep or Ficoll are aspirated from the bottle with a small disposable needle, which is changed to the kwill plastic needle appropriate for making the gradient.

	6- BMAd-enriched fraction is washed 2-3 times with PBS/1%BSA and then aliquoted for RNA and protein sample by preservation in Trizol or protein lysis buffer, respectively, and stored at -80°C (more details in Table 4). Note that this fraction contains a very significant amount of contaminating hematopoietic and immune cells, but it is the only source of enriched BMAd from iliac crest BM aspirates remaining from diagnostic procedures in hematological patients. Results associated to this fraction have to be interpreted within this context.

	7- The BMAd-enriched fraction can also be preserved for lipid storage. For this purpose, the BMAd-enriched fraction is transferred to an Eppendorf tube, centrifuged at maximum speed for 5 minutes followed by collecting the lipid supernatant into a clean Eppendorf tube, flash freezing by submersion in liquid nitrogen and store at -80°C. Lipid extraction is performed at a subsequent step prior to further analysis (HPLC, lipidomics).

	8- The serum fraction above the buffy coat can also be collected, as it contains a significant number of BMSCs.

	9- To improve cell growth, we add hFGF2 to the medium (at 1 ng/ml).





5.2.3 BMSC Cultivation

BMSCs are cultured at a density 1x105 cells/cm2 (1x106 cells per chamber slide)10 in MEM containing 10% fetal bovine serum (FBS, GIBCO) and antibiotics at 1% (penicillin/streptomycin) incubated at 5% CO2 and 37°C followed by completely changing the medium once a week11, while passaging at 70-80% confluence. The cells from passage 0 are cryopreserved in freezing media containing FBS, MEM and DMSO12 (Table 4). For cryopreservation, cells in freezing media are immediately transferred into freezer at -80°C for 24 hours before storing them in liquid nitrogen.

Cultured cells are sub-cultured13 and further used for quality control tests (CFU-F, purity assessment, as described below (Section 5.2.5) and in previous literature (8) and subsequently studied in differentiation conditions when appropriate to induce adipogenesis, osteogenesis and/or chondrogenesis. Passage number should be recorded for all experiments13.

Notes:

	10- We usually seed 10 million cells per T75 flask.

	11- After 4-7 days the stromal cells have attached and started making colonies. Change medium without disturbing or perturbing cells. Media can be switched to Super-MEM (10% FBS/1% pen/strep/glutamax/nonessential amino acids/sodium pyruvate) to enrich the media for essential components needed for BMSC proliferation.

	12- There are several options to prepare freezing media e.g. 80% FBS, 10% MEM and 10% DMSO (Table 4) or a variant recipe with 50% MEM, 40% FBS and 10% DMSO.

	13- The cultured cells from passage 0 are usually sub-cultured 1:2 in order to expand for further analyses and functional assays. Primary BMSCs are easily capable of passaging up to passage 6-7 but with each passage their capacity to proliferate and differentiate into different cell types is decreased, which affects their cellular and molecular properties. Also, they become more senescent as noticed when cells do not double within 4-5 days (71, 72).





5.2.4 Sample Storage

Storage of BMSCs and BMAd-enriched samples depends on the purpose of the intended analyses (more details in Table 4). The stability of RNA or protein samples is superior when the samples are processed completely, rather than storing them in RNA or protein lysis buffer as specified in Table 4. The storage of BMSCs is more stable in liquid nitrogen compared to -80°C.



5.2.5 Quality Controls

There are several methods available to check the quality of isolated BMSC samples [as detailed in (8)]. Representative pictures of validated methods are depicted in Figures 6, 7.




Figure 6 | BMSC purity assessment by flow cytometry. Screening of stem cell surface markers expression (positive for CD44, CD73, CD90, CD146, CD140b, CD105, and negative for CD45 and CD14) measured by flow cytometry in primary human BMSCs isolated from iliac crest cultured in vitro at passage p0.






Figure 7 | In vitro evaluation of BMSC quality (BMSC culture, CFU-C, tri-differentiation). (A) Representative picture of spindle-like shape cells in in vitro culture of human BMSCs. (B) CFU-F of BMSCs after 14 days in vitro culture visualized by Violet Blue in a petri dish. (C) Alizarin staining of mineralized matrix in 10 days osteoblast (OB) culture differentiated from primary BMSCs. (D) Oil Red O staining of neutral lipids in a 10 days adipocyte (AD) culture differentiated from primary BMSCs. (E) Alcian Blue staining of a 21 days chondrocyte (CH) culture differentiated from BMSCs. Scale bar represents 200 μm in all the pictures.




Cell Viability

The cell viability of isolated BMSCs can be verified by Trypan blue staining or by flow cytometry using 7-AAD staining (7- amino-actinomycin D; marker of dead cells) or Live/dead viability assay (73).



Purity (Hematopoietic, Endothelial Cell Contamination)

The purity of BMSCs can be checked by flow cytometry using CD markers for BMSCs (e.g. CD73, CD271, CD146, CD90, CD105), hematopoietic cells (e.g. CD45 neg), erythroid cells (e.g. CD235a neg) and monocytes/macrophages (e.g. CD14 neg, CD16 neg) (Figure 6 for representative dot plots for BMSC purity) (56, 59–61).



CFU-F Assay

In order to test stem cell potency of isolated BMSCs (Figure 7A), we perform a CFU-F assay, i.e. capability of stem/progenitor cells to form colonies. We seed around 1 million isolated BMSC cells in T25 flask and count number of colonies grown after 14 days. CFU-F assays are done through dilution of the test BMSC population and counting at day 14 after fixation and staining with either methylene blue or crystal violet (Figure 7B) (56, 59–61).



Bi/Tri-Lineage Differentiation Assay

To test differentiation potential of isolated BMSCs (70, 74), we seed and culture the cells in the conditions to differentiate into osteoblast (bone forming cells), adipocyte (BMAT forming cells), chondrocyte (cartilage forming cells) (Figures 7C–E). Each of these differentiation protocols can vary among different laboratories (8). For evaluation of osteoblast differentiation, we perform alkaline phosphatase (ALP) activity assay, Alizarin/ALP staining, gene expression of osteoblast genes (e.g. RUNX2, Osteocalcin (BGLAP), ALPL); for adipocyte differentiation these are Oil Red O or Nile Red staining, gene expression of adipocyte genes (PPARG, LPL, ADIPOQ, LEP), and for chondrocyte differentiation these are Alcian Blue staining, gene expression of chondrocyte genes (e.g. SOX9, COL2A1, ACAN) are evaluated (56, 59–61, 70, 74).

For the purpose of biobanking it is important to keep all necessary information related to the quality of BMSC samples. However, additional comparative studies are still needed to define the crucial parameters that influence BMSC quality, and which therefore are needed for interpreting the analyses of biobank samples.






6 BMAS Strategy to Harmonize BMA-Related Biobanking and Future Perspectives

Increased numbers of BMA-related publications in recent years using different sources of BMAT raised important questions about how to compare and reproduce the data in such a young and dynamic field. This raises an opportunity to create BMA biobanks that can provide material for other researchers and generate improved harmonization in future studies. Therefore, a standard protocol would be preferred to allow comparison of samples obtained from different institutions with specifications of critical points, which have been raised in this position paper based on the evaluation of the current literature.

While isolation protocols and collections for BMSCs have been proposed from various laboratories and private companies for long standing, those relative to BMAds are more recent and heterogenous. We currently validated three protocols from which we generated a general procedure to isolate BMAds using collagenase. Yet, it can be acknowledged that this digestion step (i.e. type of collagenase, duration of collagenase treatment, etc.) has to be further standardized and its impact on adipocyte selection, viability and functionality further characterized. When pure BMAd suspension is required or if the BMAds are to be compared with WAT adipocytes, the use of collagenase is recommended to prevent contamination from other cell types and to ensure that differences between adipocyte isolation procedures is not a confounding factor (65).

As technical developments in transcriptomics and other -omics approaches performed in various other tissues could be relevant for future BMAd analyses, we provide the following suggestions regarding next generation sequencing approaches based on preliminary and often unpublished results from different laboratories belonging to the consortium. Indeed, several factors have been determined as critical for single cell RNA sequencing (scRNA-seq) and other -omics approaches. We suggest to minimize as much as possible manipulation of the cell prior to any -omics or transcriptomic approach. A very recent studies suggest that routine steps such as collagenase digestion can have a detrimental effect on the cell’s transcriptome for all single cell analyses and other omics approaches. If to be used, the time of collagenase treatment or other digestion enzymes should be as short as possible as it has been shown to drastically affect the transcriptome, resulting in that the most important gene signature is the digestion itself (75).

Furthermore, a recent study determined that flash freezing (cryopreservation) of cells from BM aspirates prior to scRNA-seq does not affect the transcriptome (76). By doing so, multiple BM samples can be analyzed simultaneously, which would drastically reduce the batch effect that is often visible for single cell RNA-sequencing experiments. Since currently available scRNA-seq analyses are thus far challenging (77), the compatibility of cryopreservation with single nuclei RNA-seq could constitute a very interesting approach to determine and better characterize the BMAT transcriptional landscape. Indeed, it is today impossible to process an entire adipocyte by standard scRNA-seq, since current technologies use pure oil to create the encapsulation droplets. Partial adipocyte lysis, which is hard to avoid due to their natural fragility, prevents the formation of the droplet emulsion and ruins the chip for further use. However, nuclei extraction from BMAds is still very challenging and current procedures still need to be improved. Altogether, the WG suggests to limit the use of collagenase digestion as much as possible while collecting BMAT for these specific transcriptomic analyses since an absolute cell purity is not required and such a digestion step could interfere with subsequent analyses.

Finally, critical differences between our protocols should be further discussed and validated (e.g. precise requirements and specifications for clinical sample isolation and transportation) or improved (easier and standardized assays to assess the quality of samples, increased yield of isolated materials) for harmonization purposes. Meanwhile our current work paves the way for BMAT biobanking perspectives and next generation sequencing. We thus strongly encourage future publications to provide a detailed description of patient characteristics, BMA source and sampling, isolation procedures and validity tests to enhance standardization in the field.

Last but not least, we should pay attention to clinical/molecular data and the anonymization of participants` personal information as they are aimed to be shared among different institutes. At all times, the utmost care should be taken to deidentify the samples obtained from study participants (as discussed in Section 2.2). The technological advancements to perform genetic analyses have advanced to such an extent that certain approaches, such as RNA sequencing and single cell sequencing can allow for identification of the individual. Therefore, there is a task at hand to create awareness among researchers to minimize risks of deidentification.


Future Perspectives

Although we are still several steps away from achieving this, harmonizing protocols globally would greatly enhance the quality and interpretation of BMA-associated outcomes and yield increased impact in the field. A longer-term goal of this WG is to establish a common protocol or minimal conditions that everyone could use. In an attempt to achieve this, one action of the WG will be to setup a study in which the same material will be processed in different labs, using an identical protocol followed by careful evaluation of the outcomes.

It is important to emphasize that at the beginning of creating a BMA biobank one needs to think about preparation of broad consent for future research, which may help to facilitate harmonization as well and, as it is ethically valid, this should be recommended for biobank research (9). In addition, harmonizing sample collection and storage will facilitate medical ethical boards of institutes of collaborating universities about the synchronous sample characteristics of incoming or outgoing samples in case of international studies. One of the other things that the BMAS WG on Biobanking has in mind is to develop a Global Material Transfer Agreement (GMTA) that would allow for easier acceptance and transport of BMA-related samples between institutes across the globe.

Altogether, this position paper should create awareness and facilitate scientists involved in BMA that plan to or continue studies in which collection, storage and analysis of BMA-related samples are involved.
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Background

Recently, lineage-tracing studies demonstrated that parathyroid hormone and anti-sclerostin antibody (Scl-Ab) can convert bone lining cells (BLCs) into active osteoblasts. However, BLCs might also be differentiated into other lineages. Here we investigated whether BLCs could differentiate into bone marrow adipocytes (BMAds) and whether Scl-Ab could suppress this process.



Methods

Dmp1-CreERt2:mTmG mice were injected with 0.5 mg of 4-hydroxytamoxifen once weekly from postnatal week 4 to week 8. The mice were treated with either vehicle or rosiglitazone for 8 weeks (weeks 12–20). Moreover, they were administered either vehicle or Scl-Ab (50 mg/kg) twice weekly for 4 weeks (weeks 16–20, N = 4–6/group). We chased the GFP+ cells from the endosteal surface to the bone marrow (BM) of the femur. Using immunohistochemical staining, the numbers of perilipin+ or GFP+/perilipin double+ cells in the BM were quantified. In addition, serum N-terminal propeptide of type I procollagen (P1NP) levels were measured at each time point, and bone mass was analyzed at 20 weeks using micro-computed tomography.



Results

Scl-Ab administration significantly reversed the decreases in bone parameters induced by rosiglitazone. Plump GFP+ cells, presumably active osteoblasts, and extremely flat GFP+ cells, presumably BLCs, were present on the endosteal surface of the femur at 8 and 12 weeks, respectively, in line with prior findings. When we chased the GFP+ cells, rosiglitazone significantly increased the number of GFP/perilipin double+ BMAds compared to the effects of the vehicle (P < 0.001), and overlapping Scl-Ab administration decreased the number of GFP/perilipin double + BMAd compared to rosiglitazone alone (P < 0.001). In addition, we found that osteoblast lineage cells such as BLCs might express PPARγ on immunohistochemical staining. When rosiglitazone was administered to Rip-Cre:mTmG mice, GFP+ cells were not present on the endosteal surface or in the BM of the femur; however, they were present in the pancreas.



Conclusion

BLCs could be sources of BMAds, and rosiglitazone could stimulate the differentiation of osteoblast lineage cells into BMAds. Suppression of the differentiation of osteoblast lineage cells into BMAds might contribute to anabolic effects resulting from the pharmacologic inhibition of sclerostin.
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Introduction

Bone marrow adiposity (BMA) is a specific fat depot in bone cavities. BMA increases with age, and it is caused by a variety of induction signals including thiazolidinediones, glucocorticoids, high-fat diet feeding, and irradiation exposure (1). Under these conditions, bone marrow adipose tissue (BMAT) could replace hematopoietic/osteogenic marrow in the long bones. A large body of research has revealed an inverse relationship between BMA and bone mineral density (BMD) in young or elderly men and women (2–5). In addition, postmenopausal women can exhibit the most consistent association compared to old men (2, 3). Furthermore, vertebral fractures were associated with a higher BMA volume in women with postmenopausal osteoporosis, and BMA was also associated with measures of decreased bone integrity (6, 7). Interestingly, 1 year of teriparatide treatment resulted in decreased vertebral BMAT with concomitant increases in lumbar spine BMD in postmenopausal women (8).

Bone marrow adipocytes (BMAds) are distinct from white or beige adipocytes in terms of localization, function, and origin (9–11). Previous lineage-tracing studies demonstrated that BMAds do not share the same progenitors as extramedullary adipocytes, and they might be derived from bone marrow (BM) (12, 13). The definite origin of BMAds remains unclear. Recent studies revealed that BMAds are derived from skeletal stem cells (SSCs) in BM, and Osx+, LepR+, and Nes+ SSC populations are capable of generating BMAds (14–16). Thus, the origin of BMAds might be heterogeneous.

Bone lining cells (BLCs) are quiescent osteoblasts covering bone surfaces. BLCs are sources of active osteoblasts and target cells for anabolic agents. Short-term treatment with parathyroid hormone (PTH) or anti-sclerostin antibody (Scl-Ab) can induce the conversion of BLCs into active osteoblasts (17, 18). In addition, BLCs express stem cell-like genetic markers (19). Those studies suggested that BLCs have the potential to differentiate into other lineages (20). Thus, we investigated whether BLCs could represent one source of BMAds. In addition, we examined whether Scl-Ab administration could suppress the possible transdifferentiation of BLCs into BMAds. To better understand the response of BLCs to adipogenic signals and follow their subsequent differentiation, we conducted a lineage-tracing study using inducible transgenic mice.



Materials and Methods


Mice

Temporally controlled transgene expression was used to trace cells of the osteoblast lineage using Dmp1-CreERt2 and mTmG mice. We used the mouse 10-kb Dmp1 promoter to drive the expression of the inducible CreERt2 in transgenic mice because it is expressed not only in osteocytes but also in mature osteoblast cell populations. The mutated ERt domain responds only to the synthetic estrogen receptor ligand tamoxifen. Administration of tamoxifen induces transient nuclear translocation and CreERt-mediated gene recombination. Dmp1-CreERt2 mice were crossed with mTmG mice, a double fluorescent reporter mouse strain. A reporter gene, such as the Rosa26R mTmG reporter transgene, can visualize the recombination since the expression of cre-recombinase induces the permanent excision of the upstream cassette encoding the membrane-targeted dTomato (mT) reporter protein to allow expression of a downstream cassette encoding a membrane targeted eGFP (mG) reporter protein (21, 22). In this manner, cells expressing cre-recombinase are indicative of mG expression. Then, mG is expressed continuously in the target cells and all possible progeny. Therefore, in this system, we can chase the fate of GFP-expressing cells such as from osteoblast lineage cells to BMAds (12). The 10-kb Dmp1-CreERt2 mice the Rip-Cre mice were kindly provided by Dr. Henry Kronenberg (Endocrine unit, Massachusetts General Hospital, USA) and Dr. Hye Seung Jung (Seoul National University Hospital). The 10-kb Dmp1-CreERt2 mice were generated by nuclear injections of a transgene encoding CreERt2 under the control of a 10-kb fragment of Dmp1 in B6C3F1 hybrid mice (Taconic, Hudson, NY, USA). Reporter mice (Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, stock no. 007576) were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA).

These studies were approved by the Institutional Animal Care and Use Committee of Seoul National University.



Tamoxifen Administration

For experiments with Dmp1-CreERt2:mTmG mice, 4-hydroxytamoxifen (4-OHTam, Takeda, Osaka, Japan) was used. For 4-OHTam injections, 2.5 mg of 4-OHTam were dissolved in 100 mL of dimethylformamide (Thermo Fisher Scientific, Waltham, MA, USA) and then diluted to 2.5 mg/mL in corn oil (Sigma-Aldrich, St. Louis, MO, USA). Dmp1-CreERt2 were injected with 0.5 mg of 4-OHTam once weekly in postnatal weeks 4–8.



Rosiglitazone and Sclerostin Antibody (Scl-Ab) Administration

In postnatal week 12, the mice were fed a 20 mg/kg/day rosiglitazone-supplemented diet (containing 140 mg rosiglitazone/kg diet; R0106, Tokyo Chemical Industry, Japan) or chow diet ad libitum for 8 weeks (randomly assorted into cages and group-housed), weighed, humanely euthanized, and analyzed. In addition, mice were injected subcutaneously with vehicle (phosphate-buffered saline [PBS]) or 50 mg/kg Scl-Ab (ratized antibody; Amgen Inc., Thousand Oaks, CA, USA; UCB, Brussels, Belgium) twice weekly for 4 weeks starting in postnatal week 16 (Figure 1). Mice were sacrificed in postnatal weeks 8 (+2 days), 12, 16, and 20.




Figure 1 | Experimental design. Dmp1-CreERt2:mTmG mice were injected with 0.5 mg 4-OHTam on postnatal weeks 4, 5, 6, 7, and 8. The mice were treated with either vehicle or rosiglitazone for 8 weeks (weeks 12–20). Moreover, they were administered either vehicle or Scl-Ab (50 mg/kg) twice weekly for 4 weeks (weeks 16–20, N = 4–6/group). We chased the GFP+ cells from the endosteal surface to the bone marrow of the femur. Animals were euthanized on postnatal week 8 or 12 (2 days or 4 weeks after the last 4-OHTam treatment), as well as on week 16 and 20 to evaluate the impact of rosiglitazone or Scl-Ab administration.





Serum Biochemistry

Blood was collected via orbital sinus puncture before animals were euthanized. The serum levels of N-terminal propeptide of type I procollagen (P1NP) were measured using an ELISA kit (Immunodiagnostic Systems, Fountain Hills, AZ, USA).



Micro-Computed Tomography (micro-CT)

Whole femurs were harvested from the mice after euthanasia, fixed in formaldehyde solution for 48 h, placed in 70% ethanol, and stored at 4°C until imaging. The distal femur from each mouse was scanned using high-resolution micro-CT (SkyScan 1173, Bruker microCT, Kontich, Belgium) at 90 kV and 88 μA with an isotropic voxel size of 7.1 μm using a 1.0-mm aluminum filter. For the metaphyseal tibia, a 1.5-mm section (starting 500 μm below the growth plate) was analyzed. Scanned images were reconstructed using NRecon v.1.6 software (Bruker microCT) by correcting for beam hardening and ring artifacts. Data were analyzed using CT Analyzer version1.6 (Bruker microCT). For trabecular bone regions, bone volume density (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were assessed.



Histology and Immunohistochemical Staining

Samples were dissected to remove soft tissues, fixed in 4% paraformaldehyde, incubated overnight at 4°C, and then decalcified in 15% EDTA for 7–14 days. Decalcified samples were cryoprotected in 30% sucrose/PBS followed by a 30% sucrose/PBS : OCT (1:1) solution, each performed overnight at 4°C. Samples were then embedded in OCT and cryosectioned at 8 μm (Leica, CM3050S). Images were captured using an epifluorescence microscope (Leica DMI 6000 [Inverted]) with prefigured triple-band filter settings for DAPI/FITC/TRITC and an automated fluorescent microscope with a whole-slide scanning platform. Confocal images were acquired using LEICA TCS SP8 STED CW and LAS X (Leica) software with lasers and corresponding band-pass filters for DAPI (Ex. 405 nm, BP 420–480), GFP (Ex. 488 nm, BP 505–530), and tomato (Ex. 543 nm, BP 565–595). Representative images of at least three independent biological samples are presented in the figures. Routine H&E staining was performed using previously published protocols.

Paraffin sections were postfixed in 4% paraformaldehyde for 10 min, blocked with 2% BSA for 30 min, and incubated with mouse anti-GFP monoclonal antibody (1:250, ab6673, Abcam), and anti-perilipin antibody (1:250, ab3526, Abcam) overnight at 4°C followed by Alexa Fluor 488-conjugated donkey anti-goat IgG (1:250, ab150129, Abcam) and Alexa Fluor 594-conjugated donkey anti-rabbit IgG H&L (1:250, ab150076, Abcam) for 1 h at room temperature. Sections were further incubated with DAPI to stain nuclei and observed under a microscope. Immunohistochemical staining of PPARγ (1:100, MBS8241690, Mybiosource) was performed as previously described (23). Adipocyte sizes were determined using Image J, as described previously (24).



Statistical Analysis

The results were presented as the mean ± standard deviation. Statistical evaluation was performed via a nonparametric two-tailed Student’s t-test using GraphPad Prism version 6 (www.graphpad.com). Bonferroni’s correction for multiple testing was used for Figures 4 and 5. P < 0.05 was considered significant.




Results


A Lineage-Tracing System to Label Endosteal Osteoblasts

Figure 1 outlines the protocol used for this experiment. As found in previous studies, large numbers of GFP+ (direct fluorescence from mG) plump osteoblasts (yellow arrow) were identified on the endosteal surfaces of the femur 2 days after the last 4-OHTam injection in postnatal week 8 (Figure 2). Four weeks after the last 4-OHTam injection (12-week-old mice), the GFP+ cells, presumably BLCs (white arrow), became flat and less numerous on the endosteal surface of the femur. A few GFP+ osteocytes are shown in Figure 2 (asterisk). The flat GFP+ cells persisted on the endosteal surface in mice at week 16. Therefore, we could label mature osteoblasts and BLCs in the 10-kb Dmp1-CreERt2:mTmG mice. Additionally, to characterize the targeting specificity of 10-kb Dmp1-CreERt2:mTmG, we analyzed GFP expression in sections of the tibia at 2 weeks of age (Figure 3). The Dmp1-CreERt2:mTmG mice showed strong GFP signals in the tibia but not in the BM (Figure 3A). As expected, the tibia sections from CreERt2(-):mTmG mice did not exhibit any GFP activity (Figure 3B). Furthermore, GFP+ cells were not detected on the bone sections of Dmp1-CreERT2:mTmG mice without 4-OHTam(Figure 3C). Within the tibia, Dmp1-CreERt2 marked not only endocortical osteoblasts (Figure 3D) but also trabecular osteoblasts (Figure 3E) and the adjacent skeletal muscle (Figure 3F).




Figure 2 | Osteoblast lineage cells are labeled in 10-kb Dmp1- CreERt2:mTmG mice Representative confocal microscopy images of endocortical surface of the femur from Dmp1- CreERt2:mTmG mice at the indicated experimental groups(the left panel at 16 weeks shows low power field). BM, bone marrow; C, cortical bone; white arrow, bone lining cell; yellow arrow, active osteoblast; asterisk, osteocyte; red, mTomato; green, mGFP; blue, DAPI staining of nuclei. Red and green protein fluorescence were captured directly. Scale bar: 50 µm.






Figure 3 | 10-kb Dmp1- CreERt2 targets osteoblast lineage cells and skeletal muscle, but not bone marrow cells in 2-week-old mice. (A–C) Confocal microscopy images of direct fluorescence on longitudinal sections of the tibia at the indicated experimental groups. (D–F) Images at a higher magnification for different areas of bone as indicated. C, cortical bone; GP, growth plate; M, skeletal muscle; yellow arrow, osteoblast; white arrow, muscle; red, mTomato; green, mGFP; blue, DAPI staining of nuclei. Red and green protein fluorescence were captured directly.





Scl-Ab Reverses the Negative Effects of Rosiglitazone on Bone Parameters

We first analyzed the skeletal effects of 8 weeks of exposure to rosiglitazone by measuring microCT parameters of the distal femur. Significant decreases in BV/TV (Figure 4A), bone surface density (BS/TV) (Figure 4B), and Tb.N (Figure 4C), and increases in Tb.Sp (Figure 4D) were noted after 8 weeks of rosiglitazone administration compared to the effects of the vehicle (P < 0.05). We then examined the effects of Scl-Ab in rosiglitazone-treated and control mice. Scl-Ab administration significantly improved trabecular parameters induced by rosiglitazone (BV/TV and Tb.Th: P < 0.01; BS/TV, Tb.N, Tb.Sp, and serum P1NP levels: P < 0.05) (Figure 4). The combined use of rosiglitazone and Scl-Ab did not lead to significant differences in these parameters compared to the effects of Scl-Ab alone. Serum P1NP levels significantly decreased from 8 to 12 weeks (P < 0.01). Scl-Ab significantly increased serum P1NP levels versus the vehicle (P < 0.05). In addition, 4 weeks of overlapping Scl-Ab treatment significantly increased serum P1NP levels compared to the effects of rosiglitazone alone (P < 0.05, Figure 4F).




Figure 4 | Scl-Ab rescues the negative effects of rosiglitazone on bone parameters. (A–E) MicroCT quantification of trabecular bone. Each data represents the mean, and error bars represent the standard error (*, P < 0.05 vs. rosiglitazone; **, P < 0.01 vs. rosiglitazone, N = 6/group). BV, bone volume; TV, total volume; BS, bone surface, Tb.N, trabeculae number; Tb.Sp, trabeculae separation; Tb.Th, trabeculae thickness. (F) Serum P1NP measurements from mice in the indicated groups. Each data represents the mean, and error bars represent the standard error (**, P < 0.01 vs. 8 week; a, P < 0.05 vs. vehicle; b, P < 0.05 vs. rosiglitazone, N = 6–8/group). Vehicle, white; rosiglitazone, gray; Scl-Ab, dark gray; Scl-Ab/rosiglitazone, gray pattern.





Rosiglitazone Increases GFP/Perilipin Double+ BMAds, Whereas Scl-Ab Modestly Suppresses This Effect

To determine whether rosiglitazone could stimulate the differentiation of osteoblast lineage cells into BMAds, we chased GFP+ cells on the endosteal surface of the femur after 8 weeks of rosiglitazone administration. To better characterize and quantify the number of BMAds, we performed immunohistochemical staining using anti-perilipin antibody and anti-GFP antibody. Therefore, BMAds were visualized with anti-perilipin antibody, and GFP/perilipin double+ BMAds should be derived from osteoblast lineage cells. Representative histological images of BMAds in the femur in each group are shown in Figure 5A. After a 4-week chase period (16 weeks), some perilipin+ BMAds were detected in the BM but no GFP/perilipin double+ BMAds were detected. After an 8-week chase period, GFP/perilipin dual expression was detected from a few BMAds (yellow arrow) in the rosiglitazone group, and very few GFP/perilipin double+ BMAds were detected in the rosiglitazone/Scl-Ab group (N = 4–6/group). As shown in Figure 5B, rosiglitazone significantly increased the overall number of adipocytes (perilipin + BMAds) in the femur BM (rosiglitazone 543.5 ± 205.9/mm2 vs. vehicle 3.1 ± 2.1/mm2; P < 0.001, Figure 5A). Moreover, some GFP/perilipin double+ BMAds were identified near the endosteal surface (rosiglitazone 20.5 ± 11.2/mm2 vs. vehicle 0/mm2; P < 0.001, Figure 5B). Collectively, these data suggest that a small subpopulation of endosteal osteoblast lineage cells could differentiate into BMAds during rosiglitazone treatment compared to the vehicle findings (rosiglitazone 4.3 ± 2.8% vs. vehicle 0%; P < 0.001, Figure 5B).




Figure 5 | Rosiglitazone increases GFP/perilipin double positive bone marrow adipocytes, whereas Scl-Ab suppresses the effect of rosiglitazone on them. (A) Representative immunostaining against GFP and perilipin on sections of femoral bone marrow from Dmp1- CreERt2:mTmG mice in the indicated experimental groups. Scale bar: 50 µm. Red, perilipin+ bone marrow adipocytes (BMAds); yellow arrow, GFP/perilipin double positive BMAds; blue, DAPI staining of nuclei. (B) Quantification of total perilipin+ or GFP/perilipin double+ BMAds. a, P < 0.001 vs. vehicle or Scl-Ab; b, P < 0.001 vs. rosiglitazone + Scl-Ab; N=4–6/group. (C) Quantification of perilipin+ BMAd size in the indicated experimental groups (N = 4–6/group). (D) Representative confocal images showing direct fluorescence in cells on endocortical surfaces of the femur from the indicated experimental groups. BM, bone marrow; C, cortical bone; white arrow, bone lining cell; yellow arrow, active osteoblast; asterisk, osteocyte; red, mTomato; green, mGFP; blue, DAPI staining of nuclei. Red and green protein fluorescence were captured directly. Scale bar: 50 µm.



We then tested whether Scl-Ab could modulate this effect of rosiglitazone on BMAds and thereby alter the total number of BMAds and the number of GFP/perilipin double+ BMAds in rosiglitazone-treated mice. When 8 weeks of rosiglitazone was overlapped by 4 weeks of Scl-Ab treatment, the total number of BMAds was not significantly decreased compared to the effects of 4 weeks of vehicle treatment (rosiglitazone 543.5 ± 205.9/mm2 vs. Scl-Ab/rosiglitazone 487.3 ± 175.2/mm2, Figure 5B). Additionally, Scl-Ab did not decrease the adipocyte size significantly (rosiglitazone 1612.2 ± 490.1 µm2 vs. Scl-Ab/rosiglitazone 1498.5 ± 286.6 µm2, Figure 5C). Interestingly, Scl-Ab significantly decreased the number of GFP/perilipin double+ BMAds in the femur BM relative to the vehicle (rosiglitazone 20.5 ± 11.2/mm2 vs. Scl-Ab/rosiglitazone 2.8 ± 3.7/mm2; P < 0.001, Figure 5B). Collectively, when we quantified the contribution of the differentiation of osteoblast lineage cells into adipocytes to the entire BM adipogenesis process by counting the number of GFP/perilipin double+ BMAds and total perilipin+ BMAds, Scl-Ab preferentially suppressed the differentiation of osteoblast lineage cells into adipocytes (rosiglitazone 4.3 ± 2.8% vs. Scl-Ab/rosiglitazone 0.6 ± 0.9%; P < 0.001, Figure 5B). In addition, as found in previous studies, more GFP+ endosteal cells appeared plumper in the Scl-Ab or Rosi+Scl-Ab treatment groups than in the vehicle or Rosi alone groups (Figure 5D).

To exclude the possibility that rosiglitazone affected endogenous GFP expression, Rip-Cre:mTmG mice were also treated with rosiglitazone. In Rip-Cre transgenic mice, the rat insulin II promoter drives cre expression in both β cells in the pancreas and some neurons in the brain (25). Co-immunostaining experiments showed that rosiglitazone also increased the number of perilipin+BMAds in Rip-Cre:mTmG mice, but GFP/perilipin double+ cells were not detected on the endosteal surface or in the BM of the femur (Figure 6A). As expected, Rip-Cre mice targeted islet cells in the pancreas (Figure 6B), and no GFP signals were detected in the pancreas sections obtained from Rip-Cre(-):mTmG mice (Figure 6C). Thus, rosiglitazone did not increase endogenous GFP expression.




Figure 6 | Rosiglitazone does not increase endogenous GFP expression. (A) Representative immunostaining against GFP and perilipin on sections of femoral bone marrow from Rip-Cre:mTmG mice that had received rosiglitazone for 8 weeks. Red, perilipin+ bone marrow adipocytes; blue, DAPI staining of nuclei. (B, C) Representative confocal images of the pancreas from Rip-Cre:mTmG mice or Rip-Cre(-):mTmG mice that had received rosiglitazone for 8 weeks. Red, mTomato; green, mGFP; blue, DAPI staining of nuclei. Rip-Cre transgene, a 668 bp fragment of the rat insulin II promoter. Red and green protein fluorescence were captured directly. Scale bar: 100 µm.





Osteoblasts and BLCs Express PPARγ

To explore the adipogenic characteristics of osteoblast lineage cells in response to rosiglitazone treatment, we examined PPARγ expression. Immunohistochemical staining revealed numerous PPARγ−expressing cells in the trabecular and cortical bones, which were likely to be osteoblasts and BLCs in the femur at 8 and 12 weeks, respectively (Figure 7).




Figure 7 | PPARγ expression in osteoblasts and bone lining cells. Representative images for PPARγ immunohistochemical staining of osteoblast lineage cells (arrow) and osteocytes (asterisk) in the femur at 8 and 12 weeks. Immunostaining is shown as a brown color in white adipose tissue. Staining was absent in a negative control section. The primary antibody was replaced with nonimmune serum (1: 100) for negative control slides. Tissues were counterstained with methyl green (N = 3/each group).






Discussion

In this study, we demonstrated that rosiglitazone could stimulate the transdifferentiation of endosteal osteoblast lineage cells such as BLCs into BMAds, which appeared to contribute to increased BMA. In addition, overlapping Scl-Ab administration could suppress this effect. To the best of our knowledge, this is the first report to reveal that BLCs serve as sources of BMAds using a lineage-tracing study.

In the present study, rosiglitazone increased the number of BMAds and concurrently decreased bone mass. These data further strengthened the association between BMA and bone mass. In humans, pioglitazone, another PPARγ agonist, has also been demonstrated to influence both BMA and bone mass (26). A previous 12-month study recorded a statistically significant correlation between the increase in femoral BMA and decrease in hip BMD (26). Although the association between BMA and BMD appears clear, the mechanism of action has not been clarified. One likely possibility is that intrinsic and extrinsic signals determine mesenchymal stem cell (MSC) lineage differentiation into osteoblasts or adipocytes (27–29). Most rosiglitazone-induced BMAds are proposed to be derived from MSCs. Although the molecular mechanisms by which MSCs differentiate to adipocytes remain unclear, multiple transcription factors have been demonstrated to be critical for the differentiation of MSCs into adipocytes. PPARγ and C/EBPs are involved in the adipogenic differentiation of MSCs (30–33). Alternatively, the dedifferentiation or transdifferentiation of osteoblast lineage cells could be a potential route to BMAds (20). In this study, we observed that a small subpopulation of osteoblast lineage cells has the capacity to differentiate into BMAds. However, this result does not completely exclude the possibility that mature osteoblasts or osteocytes directly differentiate into BMAds. In addition, we could not detect cells that have characteristics of both osteoblasts and adipocytes undergoing the transition from BLCs to BMAds in the BM. Although it remains unclear that BLCs directly transdifferentiate into BMAds, BLCs could be a promising source of BMAds. In previous lineage tracing studies, we demonstrated that Dmp1-CreERt2 or osteocalcin-CreERt2 mature osteoblasts differentiate into BLCs in vivo (17, 18). Mature osteoblasts could become inactive in the first step so that they transdifferentiate into BMAds. Additionally, osteocyte dedifferentiation into osteoblasts or BLCs could be possible, but this has not been reported to occur in physiologic in vivo settings. Collectively, mature osteoblasts and their progeny could be a source of BMAds.

The mechanism by which osteoblast lineage cells differentiate into BMAds is unclear. In a previous study, we found that PPARγ-overexpressed preosteoblasts can transdifferentiate into adipocyte-like cells in vitro (34). Furthermore, we demonstrated that PPARγ activation inhibits osteocalcin expression both by suppressing Runx2 expression and interfering with the transactivation of Runx2 in osteoblast cell lines (35). In this study, we found that even endosteal lining cells can express PPARγ. BLCs could express cell-surface markers characteristic of mesenchymal stem/progenitors (19). Collectively, some subpopulations of osteoblast lineage cells containing MSC-like characteristics or expressing PPARγ might respond to external signals that stimulate differentiation into adipocytes.

We found that Scl-Ab significantly suppressed the transdifferentiation of osteoblast lineage cells into BMAds. The anabolic action of Scl-Ab is predominantly modeling-based bone formation (36). One primary cellular mechanism of modeling-based bone formation is the reactivation of inactive BLCs into active osteoblasts (17). The mechanism by which this suppressive effect of Scl-Ab on the adipogenic differentiation of osteoblast lineage cells could contribute to anabolic action is unclear. The conditional deletion of Sost in Prx1-expressing cells recapitulated the global high-bone-mass phenotype of Sost KO mice, whereas both Col1- and Dmp1-specific deletions of Sost induced milder increases in bone formation (37). Thus, although cell populations of osteoblasts at various differentiation stages could be targets of Scl-Ab, MSCs or mesenchymal progenitor cells appear to be the main targets.

Few studies have revealed a link between sclerostin and the regulation of BMAT development. Recombinant Sost or Sost in osteocyte-conditioned medium stimulated BM adipogenesis (38). Furthermore, Scl-Ab treatment reversed the increase in marrow adiposity in ovariectomized rabbits (39). A recent lineage tracing study showed that Scl-Ab administration suppresses adipogenesis by suppressing the differentiation of Sox9+ skeletal precursors into BMAds in vivo (40).

Several questions remain to be addressed. Overlap of 4 week-Scl-Ab administration failed to inhibit the increase in BMAd counts of the femur induced by 8 weeks of rosiglitazone administration, whereas the negative effect on bone was significantly improved. However, a recent study revealed that Scl-Ab significantly decreased rosiglitazone-induced BMAT in the femur (41). The discrepancy could have resulted from differences of the doses or administration schedules of Scl-Ab. In the current study, we focused on the possibility that BLCs could transdifferentiate into BMAds. Thus, we adopted distinct administration schedules of rosiglitazone and Scl-Ab from other studies. Another possibility of the discrepancy is that osteoblasts lineage cells could have distinct responses to rosiglitazone in the adipogenic differentiation from that of MSCs. In this study, after a 4-week chase period (16 weeks), some perilipin+ BMAds were detected in the BM but there were no GFP/perilipin double+ BMAds. Therefore, osteoblast lineage cell differentiation into BMAds in response to rosiglitazone could require more time compared to MSCs. Furthermore, we did not use osmium tetroxide micro-CT analysis to evaluate adipose tissue volume. Next, in this experiment, we focused on presumably regulated BMAT (rBMAT) in the femur because it might be more dynamic than constitutive BMAT (cBMAT). Previous studies revealed the presence of cBMAT and rBMAT as distinct BMAT subpopulations in different periods of development in rodents (42). rBMAT has been proposed to be preferentially distributed within the mid-to-proximal tibia, femur, and lumbar vertebrae, whereas cBMAT develops in the distal tibia and caudal vertebrae from an early stage (11). However, further studies are required to determine whether cBMAT and rBMAT are differentially regulated by Sost. In addition, there was an issue of targeting of Dmp1-CreERt2. We could not detect GFP+ cells in the BM of Dmp1-CreERt2:mT/mG mice at 8 weeks, 12 weeks, and 16 weeks. Additionally, there were no GFP+ cells in the BM of RIP-Cre:mTmG mouse treated with rosiglitazone for 8 weeks. However, this do not completely exclude ectopic expression of the current 10kb Dmp1-CreERt2 in BM. Previous studies suggested that the 14kb Dmp1-Cre targets not only osteoblasts and osteocytes but also osteoblast precursors at an earlier stage (43). However, the cre activity was not detected in BMAds in that study. Therefore, it is most unlikely that the 10kb Dmp1-CreERt2 exists in BMAd precursors.

Moreover, we could not identify the genetic characteristics of osteoblast lineage cells that could differentiate to BMAds. It would be more valuable to compare the genetic characteristics of osteoblast-derived and MSC-derived adipocytes. Finally, we observed weak immunostaining of PPARγ in osteoblast lineage cells. More sophisticated experiments are necessary to confirm this result.

In conclusion, BLCs could represent sources of BMAds, and the pharmacologic inhibition of sclerostin might suppress the differentiation of osteoblast lineage cells into BMAds in response to BM adipogenic signals.
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Purpose

Osteoporosis is a highly prevalent skeletal disease that frequently entails vertebral fractures. Areal bone mineral density (BMD) derived from dual-energy X-ray absorptiometry (DXA) is the reference standard, but has well-known limitations. Texture analysis can provide surrogate markers of tissue microstructure based on computed tomography (CT) or magnetic resonance imaging (MRI) data of the spine, thus potentially improving fracture risk estimation beyond areal BMD. However, it is largely unknown whether MRI-derived texture analysis can predict volumetric BMD (vBMD), or whether a model incorporating texture analysis based on CT and MRI may be capable of differentiating between patients with and without osteoporotic vertebral fractures.



Materials and Methods

Twenty-six patients (15 females, median age: 73 years, 11 patients showing at least one osteoporotic vertebral fracture) who had CT and 3-Tesla chemical shift encoding-based water-fat MRI (CSE-MRI) available were analyzed. In total, 171 vertebral bodies of the thoracolumbar spine were segmented using an automatic convolutional neural network (CNN)-based framework, followed by extraction of integral and trabecular vBMD using CT data. For CSE-MRI, manual segmentation of vertebral bodies and consecutive extraction of the mean proton density fat fraction (PDFF) and T2* was performed. First-order, second-order, and higher-order texture features were derived from texture analysis using CT and CSE-MRI data. Stepwise multivariate linear regression models were computed using integral vBMD and fracture status as dependent variables.



Results

Patients with osteoporotic vertebral fractures showed significantly lower integral and trabecular vBMD when compared to patients without fractures (p<0.001). For the model with integral vBMD as the dependent variable, T2* combined with three PDFF-based texture features explained 40% of the variance (adjusted R2 []  = 0.40; p<0.001). Furthermore, regarding the differentiation between patients with and without osteoporotic vertebral fractures, a model including texture features from CT and CSE-MRI data showed better performance than a model based on integral vBMD and PDFF only (  = 0.47 vs.   = 0.81; included texture features in the final model: integral vBMD, CT_Short-run_emphasis, CT_Varianceglobal, and PDFF_Variance).



Conclusion

Using texture analysis for spine CT and CSE-MRI can facilitate the differentiation between patients with and without osteoporotic vertebral fractures, implicating that future fracture prediction in osteoporosis may be improved.
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Introduction

In clinical routine, assessment of areal bone mineral density (BMD) and the individual risk of bone fracture is commonly obtained using dual-energy X-ray absorptiometry (DXA) (1–4). Fractures due to low bone mass and microarchitectural deterioration are characteristic for osteoporosis, a systemic skeletal disease with very high prevalence worldwide (1, 4–7). Osteoporotic fragility fractures can severely impair the health-related quality of life and have been linked to premature mortality (1, 8–10). Among osteoporotic fragility fractures, vertebral fractures are particularly prevalent, with an estimated 12.6-fold increase in the risk of future additional vertebral fractures (1, 11–13). A major clinical issue of these fractures is that they occur frequently but can remain asymptomatic for a long time (13, 14). This can delay diagnosis, timely treatment initiation, and subsequent approaches to avoid future additional osteoporotic vertebral fractures (13, 14).

Clinical management requires a reliable assessment of the individual fracture risk in each patient, but DXA is known to have inherent limitations including inaccuracy in differentiating patients with and without prevalent vertebral fractures, in predicting new vertebral fractures, and for treatment monitoring in osteoporosis (15–17). Hence, imaging alternatives to DXA are needed to improve patient care, which include computed tomography (CT) and magnetic resonance imaging (MRI) (18–21). Using CT opportunistically for the assessment of volumetric BMD (vBMD) has become increasingly popular (i.e., extraction of the vBMD from routine CT data acquired for other purposes than osteoporosis screening, such as staging in oncologic patients), using conversion equations for translation of Hounsfield units (HU) into vBMD, showing overall good correlations with DXA measurements and sufficient reproducibility (18, 22–25). Regarding MRI, particularly chemical shift encoding-based water-fat MRI (CSE-MRI) has developed into a valuable tool to determine a vertebral body’s proton density fat fraction (PDFF), which is considered a surrogate biomarker of bone health (19, 21). As such, the PDFF from CSE-MRI represents a quantitative, accurate, and robust marker of a tissue’s relative fat content (26–30). The PDFF is defined as the ratio of density of mobile protons from fat (triglycerides) and the total density of protons from mobile triglycerides and mobile water and is a fundamental property of tissue (29). Osteoporosis has been linked to increased fat content of bone marrow, given that with aging, the composition of bone marrow shifts to favor the presence of adipocytes, while osteoclast activity increases and osteoblast function declines, leading to osteoporosis (31). Thus, increased PDFF can be observed in relation to osteoporosis, and inverse correlations with DXA- and CT-derived BMD have been reported (19, 32–34). However, a patient’s susceptibility to fragility fractures is not solely explained by decreased BMD or alterations in fat content of bone marrow. Importantly, bone strength and resistance to fracture are also determined by other factors, including bone geometry and microstructural architecture (35).

Texture analysis has been applied as an advanced image analysis technique to provide a spatially resolved evaluation of osseous structures like the vertebral body in osteoporosis (18, 19, 36). In essence, texture analysis provides spatial and heterogeneity information of gray-level values in images, representing an objective and quantitative approach to analyze the distribution and relationship of pixel or voxel gray levels (37–39). In spine imaging, commonly used texture features include first-order, second-order, and higher-order features, and their extraction has been achieved for sagittal reformations with up to 3 mm slice thickness for routine multi-detector CT, and, more recently, also for CSE-MRI (40, 41). Yet, it is largely unknown whether CSE-MRI-derived texture analysis can predict vBMD, or whether a model incorporating texture analysis based on both CT and CSE-MRI in the same patients may lead to improved capability for differentiating patients with and without osteoporotic vertebral fractures.

Against this background, the main purposes of this study were to apply texture analysis to CSE-MRI data of the thoracolumbar spine to predict vBMD, and to facilitate discrimination between patients with and without osteoporotic vertebral fractures by implementing texture analysis. We hypothesize that combining CT- and CSE-MRI-based texture analysis may result in improved differentiation between patients with and without osteoporotic vertebral fractures compared to vBMD and PDFF alone.



Material and Methods


Study Inclusion and Patient Cohort

This retrospective study was approved by the local institutional review board and was conducted in accordance with the Declaration of Helsinki. The requirement for written informed consent was waived due to the study’s retrospective character.

Eligible patients underwent CT and MRI scans covering the thoracolumbar spine and were identified in our institution’s digital Picture Archiving and Communication System (PACS). Inclusion criteria were as follows: 1) age of at least 18 years, 2) acquisition of routine CT and CSE-MRI within a maximum of six months, and 3) overlap in spatial coverage between CT and CSE-MRI of at least two consecutive vertebral bodies. The exclusion criteria were as follows: 1) malignant bone lesions (e.g., vertebral bone metastases), 2) hematological or metabolic bone disorders aside from osteoporosis, and 3) motion artifacts in imaging data. Patients who had undergone previous surgery at the spine and showed spinal instrumentation were included, but vertebral bodies with foreign material were excluded from the analyses (due to metal-related artifacts in imaging data). Both CT and CSE-MRI were acquired for standard routine clinical indications (e.g., lumbar back pain, screening for vertebral fractures).

Overall, 26 patients fulfilled the eligibility criteria and underwent imaging at the same institution between July 2018 and September 2019. Figure 1 provides an overview of the data processing pipeline.




Figure 1 | Overview of the study setup. In this study, texture analysis to extract different texture features was achieved based on computed tomography (CT) and chemical shift encoding-based water-fat magnetic resonance imaging (CSE-MRI) data. For labeling and segmentation of vertebral bodies from CT data, a convolutional neural network (CNN)-based framework was used (https://anduin.bonescreen.de). After generation of proton density fat fraction (PDFF) and T2* maps, vertebral bodies were segmented manually on the PDFF maps. In addition to different texture features, integral and trabecular volumetric bone mineral density (vBMD) were extracted from segmented CT data, and mean PDFF and T2* values were extracted level-wise from segmented CSE-MRI data.





Computed Tomography


Image Acquisition

Scanning was performed with five different CT scanners (Philips iQon, iCT 256, Ingenuity, Ingenuity Core, Philips Healthcare, Best, The Netherlands; Somatom Definition AS+, Siemens Healthineers, Erlangen, Germany). Scans in five of the included patients were performed after administration of either both oral (Barilux Scan, Sanochemia Diagnostics) and intravenous (Iomeron 400, Bracco) contrast media, or only after administration of an intravenous contrast medium. The contrast-enhanced scans were acquired either in the arterial or portal venous phase, triggered by a threshold of CT attenuation surpassed in a region of interest (ROI) placed in the aorta or after a delay of 70 s, respectively, which was dependent on the distinct clinical indication for imaging.

Image data were acquired with all scanners in helical mode (using asynchronous calibration), a slice thickness of 0.9 to 1 mm, and adaptive tube load. The median tube voltage was 120 kV (range: 120 – 140 kV), the median tube current amounted to 316 mA (range: 118 – 363 mA). Sagittal reformations of the spine using a bone kernel were either available with a slice thickness of 2 mm (18 patients) or 3 mm (8 patients). The presence of vertebral fractures was determined in sagittal reformations of the spine with a bone kernel by a board-certified radiologist with eleven years of experience (T.B.), using the classification system described by Genant et al. (42).



Image Processing and Segmentation

From PACS, images were transferred to our in-house developed, convolutional neural network (CNN)-based framework (https://anduin.bonescreen.de) (Figures 1 and 2) (43–45). This tool identifies and labels each vertebra in an automated process, followed by creating corresponding segmentation masks for each vertebra as well as its subregions. Furthermore, it adjusts for the used scanner, scanning parameters, and contrast media (if administered during imaging) to asynchronously convert measured HU into vBMD (43–45).




Figure 2 | Segmentation of computed tomography (CT) data. CT scan of a 63-year-old woman visualized as virtual radiograph-like images in lateral projection (A, F) and as planar reconstructions in lateral and coronal views (B–E), covering the thoracolumbar spine (T1-L5). Labeling and segmentation of single vertebrae and vertebral subregions was achieved automatically using a convolutional neural network (CNN)-based framework. Segmentation masks were used to extract integral volumetric bone mineral density (vBMD), trabecular vBMD, and texture features following texture analysis. However, this patient showed a vertebral fracture at level T7 (white arrow); thus, extraction of these parameters was not performed for this vertebral body.



For this study, we used segmentation masks of the trabecular and cortical compartment of the vertebral body, respectively. By combining the trabecular and cortical compartment, the entire vertebral body was enclosed. The generated labels and segmentation masks of all vertebrae were checked visually by a radiologist (two years of experience in spine imaging, M.D.), and were manually corrected if necessary (e.g., in case of labeling or segmentation errors due to Schmorl nodes, fused vertebral bodies, or thoracolumbar or lumbosacral transitional anatomy). Then, the segmentation masks of the entire vertebral bodies were used for level-wise extraction of integral vBMD, and subregion masks of the trabecular compartment were used for sampling of trabecular vBMD. All thoracolumbar vertebral bodies without foreign material (e.g., due to spinal instrumentation), severe degenerative changes (e.g, Modic type 3 endplate changes), or vertebral fractures were considered for integral and trabecular vBMD extractions.




Magnetic Resonance Imaging


Image Acquisition

All patients were scanned using the same 3-Tesla MRI system (Ingenia, Philips Healthcare, Best, The Netherlands). The pulse sequence protocol was individually determined based on the clinical indication for imaging, but included a sagittal six-echo time (TE)-interleaved three-dimensional (3D) spoiled gradient echo sequence for CSE-MRI (46).

Imaging was performed in supine position using the built-in-the-table posterior coil elements (12-channel array). The six echoes of the CSE-MRI sequence were acquired in two interleaves acquiring 3 echoes per repetition time (TR), using flyback (monopolar) read-out gradients and the following imaging parameters: TR/TE1/effective ΔTE = 8.3/1.32/1.0 ms, acquisition matrix size = 124 × 122 x 69, acquisition voxel size = 1.80 mm × 1.80 mm × 1.80 mm, receiver bandwidth = 1,083 Hz/pixel, frequency direction = anterior-posterior, 1 average, approximate scan time = 3 min 38 s. A flip angle of 3° was used to minimize T1-bias effects (47, 48).



Image Processing and Segmentation

Reconstruction of raw data, fat quantification, and T2* mapping were performed offline. The MATLAB-based Reconstruction Library (MRecon/ReconFrame, version 4.3.3; https://www.gyrotools.com/gt/index.php/products/reconframe with MATLAB, version R2021a; MathWorks Inc., Natick, MA, USA) was used for raw data reconstruction. Water-fat separation was performed using a graph-cut algorithm, employing a multi-peak fat model specific to bone marrow and a single T2* decay model (49, 50). The PDFF maps were computed as the ratio of the fat signal over the sum of fat and water signals (29, 51, 52). T2* maps were extracted in addition to PDFF maps.

The vertebral bodies were manually segmented using sagittal images. In the reconstructed maps, manual polygonal ROIs were carefully placed to enclose the vertebral body using MITK ([http://mitk.org/wiki/The_Medical_Imaging_Interaction_Toolkit_(MITK)]; German Cancer Research Center, Division of Medical and Biological Informatics, Medical Imaging Interaction Toolkit, Heidelberg, Germany; Figures 1 and 3) (51, 52). The segmentations did not include the posterior elements and were performed by the same radiologist who had also performed visual inspection of the results of the CNN-based algorithm for CT data processing (two years of experience in spine imaging, M.D.). Level-wise PDFF and T2* values were then extracted from the segmentation masks for those vertebral bodies that were also depicted and considered during CT data analyses.




Figure 3 | Segmentation of chemical shift encoding-based water-fat magnetic resonance imaging (CSE-MRI) data. CSE-MRI scan of a 74-year-old woman: proton density fat fraction (PDFF) map [%] with manually prescribed segmentation masks (A) and T2* map [ms] (B) covering the lower thoracic and lumbar vertebral bodies (T10-L5). Segmentation masks were used to extract PDFF, T2*, and texture features following texture analysis.






Texture Analysis

On the basis of the distribution of gray-level values, texture analysis was used to characterize structural image properties of predefined regions by quantifying different texture features (37–39). Texture analysis was performed using the segmentation masks derived from CT and CSE-MRI enclosing single vertebral bodies, and different first-order statistical moments from global gray-level histograms, second-order features based on the gray-level co-occurrence matrix (GLCM), and higher-order features based on the gray-level run-length matrix (GLRLM) were extracted (Figure 1 and Table 1) (40, 41, 51, 53–55).


Table 1 | Texture features derived from computed tomography (CT) and chemical shift encoding-based water-fat magnetic resonance imaging (CSE-MRI).



The GLCM reflects how often pairs of voxels with a given gray-level value and offset occur in an image. The entries of the GLCMs at different angular directions θ = (0°, 45°, 90°, and 135°) were generated by computing the joint probability of two adjacent voxel intensities at a given offset d = (dx, dy, dz) and given θ, with dx, dy, and dz denoting the displacement along the x-, y-, and z-axis, respectively. 3D GLCM analysis was achieved by computation of the co-occurrence probabilities of voxel intensities from the 26 neighbors aligned in 13 directions. Averaging over the 13 directions ensures rotation invariance. Furthermore, a gray-level run is defined as a set of successive voxels with identical gray-level values that are arranged collinearly in a certain direction, and the run-length represents the number of voxels in it. The GLRLM features are calculated based on the occurrence and distribution of such runs within the GLCM and measure directional changes in the GLCM. Analogously, 3D GLRLM was computed by simultaneously adding up all possible run-lengths in the 13 directions of the 3D space. For GLCM and GLRLM analysis, direction-dependent discretization length differences were taken into account when measurements were combined by averaging or summation. All steps of the texture analysis were performed with MATLAB (version R2021a; MathWorks Inc., Natick, MA, USA) using a radiomics toolbox (https://github.com/mvallieres/radiomics).



Statistical Analysis

For statistical analyses, SPSS (version 26.0; IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY, USA) and GraphPad Prism (version 6.0; GraphPad Software Inc., San Diego, CA, USA) were used. A p-value of < 0.05 (two-sided) was considered statistically significant.

Descriptive statistics were calculated for integral and trabecular vBMD, PDFF, T2*, and the different texture features extracted from CT and CSE-MRI data, respectively. Shapiro-Wilk normality tests indicated non-Gaussian distribution for the majority of these parameters. Integral and trabecular vBMD were compared between patients with and without osteoporotic vertebral fractures using Mann-Whitney tests. Furthermore, age and sex distributions were compared between the subgroups of patients with and without osteoporotic vertebral fractures using Mann-Whitney and Chi-squared tests, respectively.

For vertebral level-wise analyses, data from each vertebral body were considered as a separate data point. One stepwise linear regression model using integral vBMD as the dependent and PDFF, T2*, and all CSE-MRI-derived texture features as independent variables was calculated. Furthermore, two additional linear regression models with a stepwise approach were generated, using the binary fracture status (at least one osteoporotic vertebral fracture present/no osteoporotic vertebral fracture present) as the dependent and 1) integral vBMD, PDFF, and T2*, or 2) integral vBMD, PDFF, T2*, and all CT-derived as well as the CSE-MRI-derived texture features as independent variables. Patient age, sex, the number of independent variables, and the vertebral level (T1-L5) were considered for adjustment of these regression models.

Furthermore, integral and trabecular vBMD, PDFF, T2*, and texture features derived from CT and CSE-MRI were averaged over the included vertebral bodies to provide one value per parameter in each patient, respectively. Using these mean values, two additional linear regression models with a stepwise approach were computed, using again the binary fracture status (at least one osteoporotic vertebral fracture present/no osteoporotic vertebral fracture present) as the dependent and 1) integral vBMD, PDFF, and T2*, or 2) integral vBMD, PDFF, T2*, and all CT-derived as well as the CSE-MRI-derived texture features as independent variables. Patient age, sex, and the number of independent variables were used for adjustment of these regression models.

Independent variables were included stepwise in the linear regression models based on a p-value threshold of < 0.05. Per model, the adjusted R2 ()  is reported with related β coefficients and 95%-confidence intervals (CIs), and F-tests were performed to assess statistical significance of the final models after stepwise inclusion of variables.




Results


Patient Characteristics

Analyses included 171 vertebral bodies of the thoracolumbar spine, which were derived from 26 patients (15 females, 11 males, median age: 73 years, age range: 29 – 86 years). Eight of the included patients had imaging by CT and CSE-MRI on the same day, the median interval between CT and CSE-MRI acquisitions was four days.

Eleven of the included patients (42.3%) showed at least one osteoporotic vertebral fracture according to CT image reading (only Genant grade 1 fractures: 2 patients, only Genant grade 2 fractures: 2 patients, combination of fracture grades including Genant grade 3 fractures: 7 patients). Patients with and without vertebral fractures did not statistically significantly differ in age (patients with fractures: median age: 75.1 years, age range: 59 – 86 years, patients without fractures: median age: 71.5 years, age range: 29 – 78 years; p = 0.097) or sex distributions (patients with fractures: 3 males & 8 females, patients without fractures: 8 males & 7 females; p = 0.184).

Regarding the analyzed thoracic vertebrae (89 thoracic vertebral bodies in total), T1 was considered in five patients, T2, T3, and T4 in six patients, T5, T6, T10, and T11 in seven patients, T7, T8, and T9 in eight patients, and T12 in 14 patients, respectively. Furthermore, for the lumbar spine (82 lumbar vertebral bodies in total), L1 and L4 were included from 18 patients each, while L2 was considered in 17 patients, L3 in 14 patients, and L5 in 15 patients, respectively.



Volumetric Bone Mineral Density

Patients with osteoporotic vertebral fractures had statistically significantly lower integral and trabecular vBMD as compared to patients without osteoporotic vertebral fractures regarding all included vertebrae (integral vBMD: 153.1 ± 46.5 mg/cm3 vs. 218.5 ± 45.4 mg/cm3; p < 0.001; trabecular vBMD: 77.7 ± 30.3 mg/cm3 vs. 130.8 ± 34.8 mg/cm3; p < 0.001). The minimum value measured for a vertebral body in patients with an osteoporotic vertebral fracture was 82.6 mg/cm3 for integral vBMD and 21.6 mg/cm3 for trabecular vBMD, compared to 132.4 mg/cm3 for integral vBMD and 71.8 mg/cm3 for trabecular vBMD in patients without osteoporotic vertebral fractures.



Prediction of Volumetric Bone Mineral Density and Differentiation Between Patients According to Fracture Status

For the model with integral vBMD as the dependent variable (independent variables: PDFF, T2*, and texture features derived from CSE-MRI),   amounted to 0.40 (F(7, 163) = 17.5, p < 0.001), with the following variables being kept in the final model after the stepwise approach: T2*, PDFF_Kurtosis (global texture feature, representing the flatness of gray-level distribution), PDFF_Variance (second-order texture feature, representing the voxel co-occurrence distribution), and PDFF_Energy (second-order texture feature, representing uniformity).

For vertebral level-wise analyses with the fracture status as the dependent variable (independent variables: integral vBMD, PDFF, and T2*),   of 0.44 was obtained (F(5, 165) = 27.4, p < 0.001; variables included in the final model: vBMD and PDFF). Including the texture features in the model (independent variables: integral vBMD, PDFF, T2*, texture features derived from CT and CSE-MRI) resulted in a statistically significant model with an improved   of 0.66 (F(10, 160) = 34.7, p < 0.001; Table 2). Specifically, the variables included in the final model were CT_Correlation (second-order texture feature, representing the linear spatial relationships between texture elements), CT_SRLGLE (higher-order texture feature, representing the joint distribution of short runs and low gray-level values), PDFF_SumAverage (second-order texture feature, representing the spread of the mean voxel co-occurrence distribution), CT_Varianceglobal (global texture feature, representing the spread of gray-level distribution), CT_LRHGLE (higher-order texture feature, representing the joint distribution of long runs and high gray-level values), CT_Contrast (second-order texture feature, representing the local intensity variation), and PDFF_Energy (second-order texture feature, representing uniformity).


Table 2 | Differentiation between patients with and without osteoporotic vertebral fractures including texture analysis – analysis on vertebral level.



On a patient level, using the fracture status as the dependent variable (independent variables: integral vBMD, PDFF, and T2*) resulted in   of 0.47 (F(4, 21) = 6.5, p = 0.001; variables included in final model: vBMD and PDFF). Comparable to the level-wise analyses, including texture analysis in the model (independent variables: integral vBMD, PDFF, T2*, texture features derived from CT and CSE-MRI) resulted in a statistically significant model with an improved   of 0.81 (F(6, 19) = 19.2, p < 0.001, Table 3). The variables included in the final model were integral vBMD, CT_SRE (higher-order texture feature, representing the short-run emphasis), CT_Varianceglobal (global texture feature, representing the spread of gray-level distribution), and PDFF_Variance (second-order texture feature, representing the voxel co-occurrence distribution).


Table 3 | Differentiation between patients with and without osteoporotic vertebral fractures including texture analysis – analysis on patient level.






Discussion

In this study, we used texture analysis on CT and CSE-MRI data covering the thoracolumbar spine in patients with and without osteoporotic vertebral fractures to predict vBMD, and to discriminate between patients with and without osteoporotic vertebral fractures based on models including vBMD, PDFF, T2*, and texture features. The main findings are as follow: first, a model including T2* combined with three PDFF-based texture features explained 40% of the variance in integral vBMD; second, a model consisting of integral vBMD and three texture features (CT_SRE, CT_Varianceglobal, and PDFF_Variance) explained 81% of the variance regarding the osteoporotic vertebral fracture status, compared to 47% when the model was based on integral vBMD and PDFF only.

Main complications of osteoporosis are vertebral fractures as a result of decreased bone strength, which is determined by a multitude of factors such as bone geometry, cortical thickness and porosity, trabecular bone morphology, and intrinsic properties of bony tissue (35). Of note, DXA as the reference standard for measuring the areal BMD and assessing individual fracture risk cannot fully capture many of those factors, thus harboring well-known limitations for predicting new osteoporotic vertebral fractures or differentiating between patients with and without prevalent vertebral fractures, as well as for treatment monitoring (15–17). In this regard, it is estimated that DXA-based areal BMD values only account for about 60 to 70% of the variation in bone strength (35). Yet, texture analysis based on CT or MRI data can provide spatially resolved assessments of vertebral body composition, thus supplementing conventional vBMD measurements with parameters potentially valuable for improving image-based osteoporosis diagnostics and fracture prediction. Specifically, it has been demonstrated that texture analysis with a support vector machine can be performed opportunistically on routine CT data of the spine, potentially enabling to discriminate between patients depending on their fracture status (considering the texture features Energy, Entropy, and Homogeneity) (40). The support vector machine classifier operated with linear, polynomial, and radial basis function kernels to discriminate between healthy subjects and patients with fractures, while the radial basis function kernel revealed the best performance (sensitivity of 93.33%, specificity of 79.33%, and accuracy of 83% among different kernel functions) (40). Another study demonstrated that an improved classification of patients with and without prevalent vertebral fractures is possible by combining texture features with regional vBMD [area under the curve (AUC) = 0.88)], with global vBMD showing inferior performance (AUC = 0.64) (56). Likewise, a set of texture features derived from routine CT exams in a machine-learning approach identified patients who would suffer from vertebral fractures with high accuracy (AUC = 0.97) (57).

Recently, the feasibility of texture analysis based on CSE-MRI has been demonstrated, which could principally provide insights into bone health beyond mean PDFF of vertebral bodies (41, 51). Leveraging CSE-MRI by additionally using texture analysis has revealed that vertebral bone marrow heterogeneity is dependent on sex and age, and is increased in postmenopausal women, which is a patient cohort at particular risk for osteoporosis and related vertebral fractures (41, 51). Results of the present study show that a model incorporating T2* and three texture features based on CSE-MRI predicted the variation in integral vBMD by a proportion of 40%, while PDFF alone was no significant predictor in the model. This may be regarded as evidence for the need for more advanced analyses of CSE-MRI data beyond mere PDFF. However, further improvement in explanatory power for vBMD variance based on CSE-MRI-derived parameters may not be feasible, given that primarily mineralized tissue (trabecular and cortical bone) contributes to the vBMD, while PDFF primarily captures the vertebral bone marrow located in the cavities of trabecular bone (18, 19, 31). Increased PDFF in osteoporosis and inverse correlations with DXA- or CT-derived BMD have been previously reported, though (19, 32–34). Moreover, T2* was kept in the model, which can be considered an MRI-based parameter related to bone microstructure and density (58–60). Specifically, it has been demonstrated that T2* correlates with the density and orientation of trabecular bone (59). Thus, explanation to a certain degree of the variance in vBMD by a model including T2* seems reasonable. In this regard, recent work presented a 3D adiabatic inversion recovery prepared ultra-short echo-time (UTE) Cones sequence for direct volumetric imaging of trabecular bone of the human spine that is robust in suppressing both water and fat, and can provide high image contrast for short T2 trabecular bone (61). While previous work has mostly focused on UTE imaging for cortical bone, this method may be used to also distinctly visualize trabecular bone, together with T2* quantification of trabecular bone (61). Hence, the role of T2* as an MRI-derived marker in osteoporosis may possibly become more important when UTE imaging using such a sequence is increasingly available.

An additive approach using quantification from CT and CSE-MRI may have higher potential for osteoporosis imaging since the two modalities provide different measures for distinct aspects of bone health, thus exploiting measures from two separate techniques as complementary information. Indeed, integrating texture analysis by adding texture features from both CT and CSE-MRI to the model with integral vBMD and PDFF increased the proportion of the explained variance for differentiating between patients with and without osteoporotic vertebral fractures from 47% to 81% according to the results of this study. Thus, when only relying on integral vBMD and PDFF as the standard measures derived from CT and CSE-MRI, a considerably larger proportion of unexplained variance may be assumed. The final model also included SRE for CT, a complex higher-order texture feature, and previous work has indicated that some GLRLM-based features that are defined over information of consecutive pixels of the same value in a given direction could be negatively associated with trabecular bone volume as measured by bone histo-morphometric evaluations (62, 63). One second-order texture feature of the final model was Variance, which is derived from GLCM and could capture image intensities and their differences of directly neighboring voxels and thereby reflect how orderly a certain microarchitecture is preserved (55). Thus, it seems reasonable that these variables were kept in the model for differentiating between patients with and without osteoporotic vertebral fractures.

To the best of our knowledge, the present study is the first to combine texture analysis for CT and CSE-MRI data to differentiate between patients with and without osteoporotic vertebral fractures. Although vertebral body segmentation as well as texture analysis are not part of the clinical routine, approaches are feasible without considerable computational efforts. In detail, CT image segmentation and vBMD extraction are already established, automated, computationally optimized, and their computational effort can therefore be considered negligible in comparison to the remaining tasks (when implementing a pipeline such as the herein used CNN-based framework for vertebral body labeling and segmentation with parameter extraction) (43–45). Details on the computational efficiency of the water-fat separation for generating PDFF and T2* maps have been reported previously for a similar workflow (49). On average, manual segmentation in PDFF maps required approximately 3 min per vertebral body, and the parallelized computation of texture features required approximately 25.5 s per vertebra for CT images and approximately 8.5 s per vertebra for PDFF maps, using a machine with 2.0 GHz CPU (Intel Core i7-8550U, 4 cores) and 16 GB RAM. However, there are limitations to this study that need to be acknowledged. First, the cohort size is small, but overall 171 vertebral bodies were included for analyses. Given our inclusion criteria that required both CT and CSE-MRI of the thoracolumbar spine within a certain period of image acquisition, eligibility was restricted to a rather small number of patients. However, we are confident that prioritizing quality and comparability of CT and MRI data over data quantity from high patient numbers is a justified approach for the purpose of this study. Second, we did not solely consider the lumbar spine (particularly L1-L3) as the site for measurements, although it is the common location for BMD assessments in clinical routine. As a consequence, we are not able to provide evidence for the common reference site for measurements exclusively. However, previous work on CT-based texture analysis has shown that improved classification of patients with and without prevalent vertebral fractures is possible by combining texture features with regional vBMD, while, importantly, all thoracolumbar levels contributed significantly to the classification (56). Third, an automatic, CNN-based approach was used for labeling and segmentation of vertebral bodies in CT images, while a manual approach was used for CSE-MRI data. According to the authors’ knowledge, accurate transfer of segmentation masks between modalities has not been achieved or made available yet, which may be related to several issues including different patient positioning during CT and MRI acquisitions, and a field of view that exhibits only a partial overlap between the two modalities in our cohort. Yet, automatic segmentation of vertebral bodies in CSE-MRI data that could be used for PDFF extraction has been described recently (64). Future work may explore applications for transfer and accurate co-registration of segmentation masks between modalities to further automatize, standardize, and accelerate medical image analyses.



Conclusion

This study used texture analysis for CSE-MRI data of the thoracolumbar spine to predict vBMD, and to facilitate discrimination between patients with and without osteoporotic vertebral fractures. A regression model including T2* combined with three PDFF-based texture features explained 40% of the variance in integral vBMD. Further, a regression model consisting of integral vBMD and several texture features for CT and CSE-MRI data was able to predict 81% of the variance regarding the osteoporotic vertebral fracture status, compared to 47% when the model was based on integral vBMD and PDFF only. Thus, texture analysis used for advanced processing of routine CT and CSE-MRI data may improve differentiation of patients according to their fracture status when compared to vBMD and PDFF alone, which could improve prediction of the individual fracture risk in the future. Improved fracture risk prediction by using texture analysis could have important clinical implications for timely treatment initiation and prevention strategies in osteoporosis.
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Once considered an inert filler of the bone cavity, bone marrow adipose tissue (BMAT) is now regarded as a metabolically active organ that plays versatile roles in endocrine function, hematopoiesis, bone homeostasis and metabolism, and, potentially, energy conservation. While the regulation of BMAT is inadequately understood, it is recognized as a unique and dynamic fat depot that is distinct from peripheral fat. As we age, bone marrow adipocytes (BMAds) accumulate throughout the bone marrow (BM) milieu to influence the microenvironment. This process is conceivably signaled by the secretion of adipocyte-derived factors including pro-inflammatory cytokines and adipokines. Adipokines participate in the development of a chronic state of low-grade systemic inflammation (inflammaging), which trigger changes in the immune system that are characterized by declining fidelity and efficiency and cause an imbalance between pro-inflammatory and anti-inflammatory networks. In this review, we discuss the local effects of BMAT on bone homeostasis and the hematopoietic niche, age-related inflammatory changes associated with BMAT accrual, and the downstream effect on endocrine function, energy expenditure, and metabolism. Furthermore, we address therapeutic strategies to prevent BMAT accumulation and associated dysfunction during aging. In sum, BMAT is emerging as a critical player in aging and its explicit characterization still requires further research.
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Introduction

All tissues are affected by aging, but diseases that weaken the skeleton constitute the most prevalent chronic impairments in the United States (1–3). Skeletal diseases and related conditions are of grave concern among the aging population as they have the potential to significantly compromise systemic and local functions and diminish quality of life. The increase in bone marrow adiposity (BMA) over a lifetime is thought to be a major contributor to age-associated chronic conditions such as osteoporosis, osteoarthritis, and cancer (4–7). Qualitative studies have reported changes in the bone marrow (BM) of humans since 1882 when Ernest Neumann recognized aging resulted in trabecular bone loss and most of the BM consisted of adipose tissue (8). Since then, studies in both rodents and humans have validated that aging is associated with a significant increase in bone marrow adipose tissue (BMAT) (9, 10) with a concurrent decline in bone mineral density (11). Over the years, considerable advancements have been made related to BM imaging and BMAT quantification in humans and rodents. In humans, quantitative magnetic resonance imaging (MRI) and spectroscopy (MRS) allows for noninvasive monitoring of BMAT development and expansion (12–15). This compares to osmium tetroxide and contrast enhanced computed tomography, considered the gold standard in rodents, which provides both volumetric and spatial quantification of BMAT (16). Notwithstanding the advances in methodologies, BMAT represents an understudied aspect of adipocyte biology. Distinct from peripheral adipose tissue, BMAT displays a unique response to physiological changes (i.e., aging, exercise, cold exposure, nutritional variations like high-fat diet and fasting) (17–20). Furthermore, given its unique location, BMAT directly influences mechanisms of bone remodeling, hematopoiesis, and inflammation within the BM microenvironment (21, 22).

In general, aging is associated with impaired tissue regeneration that is congruent with increased BMA and an inflammaging phenotype. Inflammaging is characterized by unresolved and uncontrolled inflammation and a dysfunctional immune response that exacerbate the aging process and age-related chronic diseases (23, 24). Furthermore, this process is believed to exacerbate the decline in the regenerative capacity of the skeleton (25) by affecting bone marrow stromal cell (BMSC) proliferation, frequency, and fate determination (25). With recent evidence supporting BMAT as an endocrine and paracrine organ capable of local regulation of the BM microenvironment, it is important to further understand the relationship between bone marrow adipocytes (BMAds) and the observed inflammaging phenotype in aging.



The Effects of BMA on Bone Marrow Stromal Cells and Hematopoietic Stem Cells


BMA and BMSC Potential

As we age, our capacity for tissue repair and regeneration in response to injury declines (Figure 1). Accordingly, bone repair is delayed and impaired as well. BMSCs are the foundation of bone regeneration by serving as the progenitor cells of osteoblasts as well as of adipocytes (26, 27). In addition, BMSCs support proliferation and differentiation of hematopoietic stem cells (HSCs), promote HSC engraftment in animal models, and can decrease inflammation under normal conditions (28). However, aging affects BMSCs through intrinsic and extrinsic factors. Intrinsically, BMSCs accumulate DNA damage, reactive oxygen species (ROS), and damaged proteins that may promote aging (29). Extrinsically, the composition of the BM niche and the growth factors and cytokines that are secreted into the local environment change with age (29) (Table 1). In particular, the increase in BMAds may disrupt the microenvironment structure and alter the fate of BMSCs. Age-related bone loss has thought to be driven in part by a decline in BMSC proliferation and function as well as increased commitment of BMSCs to adipogenic lineages (48). At the cellular level, the BMSC pool in the BM niche shows a biased differentiation towards adipogenesis at the cost of osteoblastogenesis in aging (48). Despite their regenerative capabilities, BMSCs were shown to have decreased differentiation potential when exposed to inflammatory environments (49). Josephson et al. revealed that skeletal stem/progenitor cell (SSPC) frequency significantly declined with increased age, and this directly correlated to a longer fracture healing time in a human cohort (25). Using in vivo and in vitro models, the authors recapitulated reduced bone healing commonly associated with advanced aging. SSPCs cultured with 52-week-old serum began to express pro-inflammatory cytokines (elevated IL-1a, TNF-a, RELA expression), illustrating the declined SSPC number and function were negatively affected by the cytokine milieu associated with age (25). The expansion of BMAT, which is known to actively produce pro-inflammatory factors, likely exacerbates this effect (45).




Figure 1 | With age, the accumulation of bone marrow adipocyte (BMAd)-derived factors influences mechanisms of bone remodeling, hematopoiesis, and inflammation, which triggers a cascade effect within the bone marrow (BM) microenvironment. Aging is associated with increased bone marrow adiposity (BMA) and decreased bone mineral density. These classic characteristics of aging result from adipsin priming bone marrow stromal cells (BMSCs) towards adipogenesis and adipocytes (including pre-adipocytes in aged mice) secreting the pro-osteoclastic factor, RANKL. Adipocytes also secrete adiponectin and pro-inflammatory cytokines that skew hematopoietic stem cell differentiation towards the myeloid lineage, which is observed in the chronic inflammatory state of aging (inflammaging). In the BM, this pro-inflammatory microenvironment leads to senescence-associated secretory phenotype (SASP) factors decreasing BMSC potential and functionality. This figure was created using BioRender.com.




Table 1 | BMAT-derived factors and the age-associated phenotype.





Adipogenesis and Bone Loss

Aging studies have shown increased BMAT coincides with decreased bone mass, suggestive of a link between bone formation and BMA. The general understanding is a common progenitor cell undergoes adipogenesis at the expense of osteogenesis (27, 48, 50, 51). For example, it has been shown that upregulation of PPARγ promotes the differentiation of BMSCs into adipocytes while repressing osteoblast differentiation. In aging, the increased expression of PPARγ in the BM leads to enhanced adipogenesis and reduced osteogenesis (9). In addition to expression, post-translational modification of PPARγ, particularly acetylation, is also critical to this lineage determination (19, 52) thus, PPARγ is appreciated as a critical lineage-switching regulator. However, this bifurcated differentiation path between adipocytes and osteoblasts has remained poorly understood, despite the elucidation of PPARγ expression in the BM. Recent studies have delineated mesenchymal progenitors to their bi-lineage differentiation stages and characterized non-proliferative, adiponectin-expressing BMAd precursors, termed MALPs (marrow adipogenic lineage precursor) (53). These are thought to secrete a number of factors that can drive bone loss such as RANKL. Upon maturation, BMAT is responsible for the release of adipokines and free fatty acids that potentially interfere with bone formation (19, 52). For example, adipsin is among the group of adipokines released by BMAT expansion that has been shown to retroactively affect BMSC differentiation by priming these cells toward adipogenesis (19).

Coinciding with the increase in BMA, often an age-related decline in trabecular bone volume, but not in cortical bone, is observed (9). The impaired skeletal health with aging is accounted for not only by defective bone formation capabilities but also by accelerated bone resorption through increased osteoclast number and/or activity (54). In contrast to the repressive function on osteoblasts, BMAds play a favorable role on osteoclasts. Primary human femoral BMAds were shown to express the pro-osteoclastogenic factor, RANKL, and through direct cell contact mediate the differentiation of osteoclast precursors (30, 55, 56). In murine studies, an age-dependent increase in osteoclastogenesis was observed (57). Additionally, RANKL expression was shown to be associated with BMAd differentiation and with pre-adipocytes in the BM of aged mice (30, 58). This creates a self-reinforcing cycle of osteoclastogenesis and adipogenesis which leads to increased deleterious effects on the bone architecture and increases the incidences of fractures within the elderly (54). Furthermore, osteoblasts in aged mice (16 months old) were found to exhibit markedly impaired adhesion to the bone surface and significantly reduced mineralization (59). Thus, the age-associated decline in bone mass is an integrative pathology of BMAds filling the BM cavity and their crosstalk to bone remodeling cells.



BMA and Hematopoietic Cells

While BMAds have a defined function as regulators of bone turnover, evidence also suggests BMAT impacts hematopoietic activity (45, 48). Human BMAds were reported to support differentiation of CD34+ HSCs into myeloid and lymphoid immune cells (60). Accordingly, myelopoiesis was shown to positively correlate with increased adipogenesis and reduced osteoblastogenesis in the senescence-accelerated mouse prone 6 (SAMP6) mouse model, representative of advanced aging (61). In diet-induced obese mice an enhancement in hematopoietic and lymphopoietic BM cell populations were correlated with increased marrow adiposity (62). In contrast, lipid-laden BMAds were linked to the suppression of growth and differentiation of HSCs (35, 63) and were considered negative regulators of the hematopoietic niche (64, 65). This suppressive activity was primarily attributed to reduced production of granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) as well as increased secretion of neuropilin and lipocalin-2 (35, 66, 67). Of note, BMAds are a significant source of plasma adiponectin in mice during calorie restriction and in cancer patients receiving radiotherapy or chemotherapy (20). Moreover, increased BMA during aging has been negatively correlated to hematopoietic cell function during aging through the secretion of adiponectin (20). Adiponectin appears to positively affect multipotent stem cells proliferation, but not more committed progenitor cells (34), a phenomenon suspected in preserving the HSC pool while preventing progenitor expansion (35). This ultimately highlights the anti-inflammatory properties of adiponectin (68) and the dynamic relationship between BMAds and the hematopoietic niche. Overall, aging in humans and mice, a process associated with increased BMA (69–71), induces myeloid skewing in HSCs (36), while promoting an overall decrease in BM cellularity (37).




Age-Related BMAT Expansion Results in Decreased Immune Fidelity and Cellular Senescence


Decreased Immune Fidelity

With aging, inflammaging is thought to be a major contributor to the decline in fidelity and efficiency of the immune system. The immune system waxes and wanes in response to stimuli. A decline in immunocompetency or the capacity for a normal functioning immune system with aging can increase susceptibility to infections, decrease the number of T- and B-cells as myelopoiesis occurs (the process in which innate immune cells develop from myeloid progenitor cells), and increase the prevalence of autoimmune diseases (47). Gasparrini et al. analyzed cytokines produced by BMAT and found 53 proteins upregulated in aging (72), one of which they identified as IL-6, a well-known pro-inflammatory protein that can affect immune response, hematopoiesis, and suppress bone formation (38, 39). In vitro cultures of BMAds were shown to secrete adipocyte-derived soluble factors that inhibit B lymphopoiesis, particularly at the earliest progenitor stage in which differentiation into pre-pro B-cells occurs, while simultaneously promoting the differentiation and subsequent proliferation of HSCs towards the myeloid lineage (73). In humans and mice (74–76), B lymphopoiesis wanes in mid (77) and late stages of life (73, 78, 79). In mice, the decline in B lymphopoiesis has been attributed to BMAds altering the BM stroma and/or by direct action on hematopoietic progenitors (77–79). Kennedy et al. revealed that BMAds induce myeloid-derived suppressor cells (MDSCs), particularly in mononuclear cells (CD11b+Ly6C+Ly6G−), which inhibit B lymphopoiesis by producing IL-1 (80). Additionally, BMAds can also activate inflammasomes, such as the nod-like receptor 3 (NLRP3), which directly inhibit B lymphopoiesis (40). Activation of inflammasomes can stimulate thymic degeneration (81, 82) and exert a negative effect on T-cell proliferation (83), likely contributing to systemic inflammatory conditions associated with advanced age.

There is growing evidence to support the involvement of chemokines such as C-motif chemokine ligand 2/monocyte chemoattractant protein 1 (CCL2/MCP-1) and cyclooxygenase-2 (COX-2) in regulation of the BM microenvironment (84). During inflammatory events, high expression of COX-2 is often coupled with CCL2/MCP-1 upregulation (85–87). The major COX-2 metabolite, prostaglandin E2 (PGE2), is known to induce differentiation of immunoregulatory cells like regulatory T-cells and MDSCs (41–44). Cox-2 inhibitors prevent CCL2/MCP-1 production by activated macrophages (88, 89). Under normal physiological conditions, COX-2 expression in macrophages is low but is increased in response to pro-inflammatory stimuli (90). In fact, the COX-2 expression and PGE2 release by macrophages were shown to be stimulated by CCL2/MCP-1 and to be important for macrophage migration (91–93). In vitro studies using conditioned media from BMAds demonstrated that macrophages are highly stimulated by BMAd-derived factors and that invasiveness increases with age (94). Obesity phenocopies aging with increased BMA, which has been shown to induce CCL2/MCP-1 and COX-2 within the BM (94), emphasizing a close relationship between immune response and BMA.



Cellular Senescence

Aging studies have consistently shown a strong correlation between increased BMA and pro-inflammatory factors (18). It has been suggested that a sustained pro-inflammatory state may negatively impact the proliferative and differentiation capacities of surrounding cells. This effect is referred to as the “bystander effect” and most notably contributes to the accumulation of senescent cells in the BM, a process that naturally occurs with aging (46). Despite studies finding relatively low percentages (10–20%) of senescent cells in aged BMSCs, the bystander effect greatly impairs osteogenic capacities of non-senescent BMSCs, likely through senescence-associated secretory phenotype (SASP) factors (IL-1α, IL-1β, NF-κB, CXCL1/2, TGF-β, p21, p16, CCL2/MCP-1) and the resulting inflammation (95, 96).

BMAT expansion induces pro-inflammatory cytokines, which perpetuates the damaging effects on neighboring cells (46). In this pro-inflammatory microenvironment, BMSCs become senescent, resulting in decreased stem/progenitor cell number and decreased functionality (25, 47). In addition, the increased levels of pro-inflammatory cytokines promote ROS within the BM, further contributing to cellular senescence (23, 45). Flow cytometry analysis by Miggitsch et al. highlighted BMAds as a major contributor of ROS by determining higher ROS levels within femoral BMAds compared to subcutaneous white adipose tissue (WAT) from the thigh (45). Treatment of both tissues with ROS scavengers, N-acetylcysteine (NAC) and vitamin C, significantly reduced ROS levels within the BMAT compared to the WAT (45). The role of ROS in hematopoiesis has been well documented, thus these results demonstrate that BMAds limit the capacity of BMSCs to support the hematopoietic niche (97, 98).

Mimicking the potential effect of increased BMAT, Lo et al. showed that in conditions of elevated glucose in vitro, β-galactosidase activity and adipogenic differentiation markers (Pparγ and Fas) were notably increased while osteogeneic markers (Runx2 and Col1a1) were decreased in BMSCs, indicative of altered differentiation potential (99). This hyperglycemic condition induces inflammation and senescence through oxidant-mediated autophagy, ultimately contributing to dysfunction of bone development and hematopoiesis in the BM microenvironment (100). BMP-2, an established pro-osteoblastogenic protein, can stimulate bone production in healthy, non-senescent BMSCs. However, in senescent cells recombinant BMP-2 upregulates pathways of inflammation, adipogenesis, and cell apoptosis (101). In mouse models, FOXP1, a regulator of the pro-adipogenic CEBPβ/δ complex in BMAT, has been shown to attenuate senescence through repressing p16INK4A (encoded by CDKN2A), a cell cycle repressor that functions by inducing a G1 phase arrest (102). Collectively, BMAds play a critical role in inducing senescence of BMSCs, thereby determining the microenvironmental status in the BM compartment during aging.




Potential Targets for Age-Related Bone Conditions


Senolytics

Senolytics are a class of drugs that selectively induce apoptosis in senescent cells. Studies have shown reductions in age-related chronic inflammation led to functional restoration of bone regeneration through decreased senescence, increased stem/progenitor cell number, and increased osteogenic gene expression (25). In a pharmacological rescue experiment, Zhou et al. showed that BMSCs from aged mice (27 months old) had lower proliferation rates (30%) than young, 3-month-old mice (45%) (95). Twenty-four-hour treatment with dasatinib (generic chemotherapy; tyrosine kinase inhibitor) and quercetin (flavonol; antioxidant and chelating abilities) increased proliferation rates of the old BMSCs to 40% but did not affect the proliferative rates of the young BMSCs (95, 103, 104). Furthermore, dasatinib and quercetin treatments have been shown to improve osteogenic capacity in the aged BMSCs and reduce their expression of several senescence-related and inflammation markers including p21, p16INK4A, IL-6, CXCL1 and MCP-1 (95) in multiple aged tissues (105, 106). Therefore, clearance of senescent cells by senolytics shows promise in improving osteogenesis of aged BMSCs and ameliorating BM inflammation.



miRNAs

In the past few decades, microRNAs (miRNAs) have emerged as key regulators of different aspects in development, homeostasis, and function. However, only a handful of miRNAs have been identified as capable of mediating adipocyte differentiation and function (107, 108). Multiple studies have implicated a potential role for miRNAs on post-transcriptional regulation of BMSC differentiation and aging (109, 110). For example, mice lacking miR-188, an age-associated miRNA found in the BM, showed substantial protection from bone loss and BMAT accumulation over time (109). In comparison, BMSCs transfected with miR-183-5p mimicked reduced cell proliferation and osteogenic differentiation and demonstrated increased cellular senescence (111). Therefore, miRNAs represent a unique class of therapeutic targets of bone inflammaging, given that their specific roles in the BM during aging become elucidated.



Antioxidants

Given the positive effect of low-glucose conditions on senescent BMSCs, methods for glucose reduction have the potential to improve BM health through increasing mitochondrial respiration (99). Studies have shown that restricted glucose conditions increase the presence of antioxidant enzymes and decrease superoxide production, highlighting a therapeutic role for antioxidant defenses (99). An antioxidant and free radical scavenger, apocynin, was used to establish potential inhibition of cellular senescence, even in a senescence-accelerated mouse model, while concurrently improving osteogenesis (112). Similarly, treatment of aged rats with the aforementioned ROS scavenger, NAC, displayed an improved bone phenotype (113). Natural antioxidants have the potential to ameliorate concerns of age-related BMAT expansion. For example, phloretin, a flavonoid commonly found in apples, activates osteogenic gene OPG while promoting BMAd apoptosis to promote osteoblast differentiation, even in aged BMSCs (114). Given what we know about the link between inflammation and aging, it is not surprising to note that in addition to antioxidants, nonsteroidal anti-inflammatory drugs such as aspirin have been shown to counteract the effects of BMSCs senescence by improving cell proliferation and osteogenic differentiation (115, 116).



Adipokines

Adipokines have the potential to regulate physiological functions including satiety, glucose homeostasis, energy expenditure (117), and inflammation (118). As a major regulator of the bone marrow niche with changes during inflammation and aging, adipokines are of great potential for future therapeutics. Numerous cytokines such as CCL2/MCP-1 (94), IL-6, and TNF-α (119) have elucidated roles in linking BMA with bone loss through inflammation. Of note, existing anti-TNF-α therapy infliximab and other TNF-α inhibitors have been shown to prevent age-related bone loss in various conditions (120, 121). In addition, pro-inflammatory adipokines shown to drive decline in bone health include leptin (31), resistin (32), chemerin (33), and adipsin (19). Among them, adipsin provides a straightforward relationship that might be of interest therapeutically by being produced abundantly in the BM and directly priming BMSCs. Furthermore, adipsin is involved in the alternative pathway (AP) of the complement system, a known activator of inflammation in the bone marrow further contributing to bone loss conditions (122–125). In human studies, patients with bone-related conditions such as post-menopausal bone loss and osteoarthritis displayed an increase in serum adipsin levels positively associated with other pro-inflammatory cytokines (126, 127). As such, current pharmacological advancements including the synthesis and pre-clinical characterization of adipsin inhibitors targeting the AP may be of interest in addressing inflammaging and bone loss (128).




Conclusion

The development of BMAT is a normal physiological process and is arguably of importance in regulating BM microenvironment, skeletal homeostasis, hematopoiesis, endocrine function, and energy expenditure, and metabolism. However, extensive BMAT accumulation that occurs with aging and in clinical conditions such as obesity, calorie restriction/anorexia (20, 129), and in response to chemotherapy and irradiation treatments (130–132), suggests that aberrant BMAT formation has pathological implications. The increased adiposity within the BM exacerbates age-related inflammation and contributes to reduced bone health through physical changes in the bone matrix and defects in the BM stroma and HSCs. Ultimately, the age-associated shift of BMSCs toward adipogenesis promotes increased ROS, reduced HSC potential, dysfunctional immune cell response through increased myelopoiesis, and cellular senescence. As such, therapeutic interventions to maintain BMAT in appropriate quantity and quality may improve overall bone health, inflammaging, and senescence, further contributing to increases in life expectancy and quality of life for the elderly population.
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The first International Summer School on Bone Marrow Adiposity was organized by members of Bone Marrow Adiposity Society and held virtually on September 6-8 2021. The goal of this meeting was to bring together young scientists interested in learning about bone marrow adipose tissue biology and pathology. Fifty-two researchers from different backgrounds and fields, ranging from bone physiopathology to adipose tissue biology and hematology, participated in the summer school. The meeting featured three keynote lectures on the fundamentals of bone marrow adiposity, three scientific workshops on technical considerations in studying bone marrow adiposity, and six motivational and career development lectures, spanning from scientific writing to academic career progression. Moreover, twenty-one participants presented their work in the form of posters. In this report we highlight key moments and lessons learned from the event.
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Background

The growing interest in bone marrow adipose tissue (BMAT) is evident from the increase in articles published yearly by researchers all over the world (Figure 1). The credit for bringing this field to international attention is given to Dr. Mehdi Tavassoli with his works in the early 70’s (1), although observations of the transformation of red marrow into yellow marrow have been published since the 1800’s (2, 3). In the last twenty years, the study of BMAT has emerged as an important field in bone and bone marrow biology.




Figure 1 | Search results for “marrow AND adipocytes” on Pubmed and Scopus performed in November 2021.



Beginning in 2015, international meetings on Bone Marrow Adiposity (BMA) have been organized with the aim to bring together scientists working on or interested in BMAT (4–8). Later in 2017, a group of BMA scientists founded the BMA Society (BMAS) (http://bma-society.org/) with Dr. Pierre Hardouin as the founding president. The aims of the newly established society were to advance the knowledge of BMA by facilitating interdisciplinary exchanges, developing research strategies, and standardizing nomenclature and methods to study BMAT. Thus far, the society has produced and published three consensus articles (9–11).

One of BMAS’s key goals is to promote BMAT research by training and supporting young scientists interested in this field. Therefore, a group of young scientists from Europe and the United States envisioned the first BMAS Summer School, which was held as a virtual meeting on September 6-8, 2021. The goal of the event was to foster general knowledge of BMAT research to young researchers from all fields in order to provide fundamentals about how BMAT originates, develops, and interacts with other organs, as well as how to study BMA and what methods to use in both clinical and basic research. Moreover, the event program contained career development workshops with the aim to provide tips on how to face difficulties and overcome obstacles in the academic life, which alternative paths exist outside academia, and how to write a good manuscript and how to understand where to publish. Fifty-two participants from all over the world (Figure 2) attended the meeting, with active participation, live discussion, and incredible enthusiasm.




Figure 2 | Word cloud performed with the countries of origin of the attendees at the 1st BMAS Summer School. The number of attendees from each country correlates with the word size in the cloud. The higher the number of attendees, the bigger the word. The analysis was carried out with WordCloud package in R.



The three-day event consisted of a daily keynote lecture on BMA, followed by a scientific workshop on how to study BMA and two motivational and career development workshops with a total of twelve presentations from invited speakers. Moreover, twenty-one abstracts were selected and presented as posters with a live discussion; these abstracts have been published and are available elsewhere (12).



Lectures on Bone Marrow Adiposity


BMAT: Origin, Multicellularity, Regulation of Lineage Commitment, and Functional Implications

Dr. Moustapha Kassem (University of Southern Denmark) opened the three-day event with a lecture entitled “BMAT: origin, multicellularity, regulation of lineage commitment, and functional implications”. In his talk, Dr. Kassem described a historical roadmap from the first correlations with bone diseases, such as osteoporosis, to the most recent studies on the regulation of bone marrow stromal cell differentiation potential towards osteoblasts or bone marrow adipocytes. This session was moderated by Dr. Gustavo Duque (University of Melbourne). Dr. Kassem gave an overview of the major findings and discoveries on BMA in relation to bone health and homeostasis and its relevance to clinical outcomes. His talk pointed out the concept of cellular heterogeneity of bone marrow stromal cells (BMSCs) and presence of committed adipogenic and osteogenic progenitors besides multipotent BMSCs, which contribute to the interaction between bone and fat mass and cellular changes in the bone marrow microenvironment (13). In order to understand the mechanisms underlying age- and osteoporosis-related changes in bone formation, his laboratory discovered several secreted factors derived from BMSCs [e.g., Delta Like Non-Canonical Notch Ligand 1(DLK1), Legumain (LGMN), Cell Migration Inducing Hyaluronidase 1(KIAA1199)], which play a key role in stem cell differentiation and provide a link between bone biology and whole body energy metabolism (14–17). At the end of his talk, Dr. Kassem presented data on human BMSCs isolated from obese subjects demonstrating a hypermetabolic and accelerated senescent phenotype in comparison to lean-derived BMSCs. Dr. Kassem’s work provides important insights into metabolic changes occurring in the bone marrow microenvironment and its relation to higher bone fragility in metabolic diseases (18, 19). These data will contribute to the explanation of the obesity paradox in bone biology, as obese subjects are characterized with unchanged or increased bone mass but high rates of bone fragility.



BMAT and Bone/Bone Marrow Diseases

The second keynote lecture was given by Dr. Mara Riminucci (Sapienza University of Rome) and moderated by Dr. Ling Qin (University of Pennsylvania). The main focus of this talk was the role played by BMAT in bone and disease. She started by defining bone marrow adipocytes (BMAds), referring to Tavassoli’s definition, as recognized large cells with a single lipid droplet (20) and positive for markers such as Perilipin-1 and Adiponectin. She emphasized that both morphology and marker expression are crucial to recognizing BMAds. In terms of origin, BMAds appear in perinatal/post-natal life. The development of the “yellow marrow” (to distinguish from the hematopoietic “red marrow”) is a complex phenomenon tightly regulated by multiple genetic, developmental, and functional factors (2). Ex vivo transplantation studies have revealed a common progenitor for both BMAds and osteogenic cells that resides in the bone marrow stromal compartment (21–24). The fate choice of this common progenitor plays a crucial role in bone physiology and health. Functionally, one of the roles of BMAT is to fill the marrow space: after birth in fact, hematopoietic bone marrow becomes progressively filled with adipocytes among hematopoietic cells. However, BMA is highly flexible and reversible. Besides the space filling function, BMAT contributes to systemic metabolism (25), supports hematopoiesis (26), and modulates cell differentiation within the bone marrow stroma (27). Moreover, based on their localization as perivascular cells, BMAds regulate the sinusoid caliber and distribution of marrow blood flow (28).

The second part of the lecture focused on the role of BMAT in the context of human pathology. BMAT is, in fact, involved in different pathologies of the bone and bone marrow, including osteoporosis, bone fragility, hematological tumors, bone cancer metastasis, and some genetic disorders involving the skeleton (29, 30). On the other hand, BMAT may have its own tissue-specific pathology such as lipoma and hibernoma (31, 32).



Metabolic Function of Bone Marrow Adipose Tissue

The third keynote lecture was provided by Dr. William Cawthorn (University of Edinburgh) and moderated by Dr. William Ferris (Stellenbosch University). The presentation focused mainly on BMAT’s impact on metabolic and skeletal homeostasis within bone marrow. Dr. Cawthorn began his lecture by introducing subtypes of adipose tissue, their location, and structure. As extensive research has been done to characterize white adipose tissue (WAT) and brown adipose tissue (BAT), the talk focused on their metabolic functions, covering the processes of energy storage and energy release within WAT, as well as thermogenesis in BAT. In contrast with WAT and BAT, little is known about BMAT metabolic characteristics and its systemic function. As a leading expert in the study of BMAT, Dr Cawthorn, presented a detailed description of lipid content properties and metabolism (e.g., lipogenesis and lipolysis) in BMAT from different skeletal sites. Furthermore, his research group conducted transcriptional characterization comparing BMAT and WAT using microarray analysis. The results demonstrated that BMAT is less responsive to insulin compared to WAT (33). These findings were tested by PET/CT scan, which showed a lack of insulin-stimulated glucose uptake in BMAT (distal tibia), concluding that BMAT is insulin resistant (33). Additionally, Dr Cawthorn’s group demonstrated that BMAT is not cold responsive, as it does not increase glucose uptake during cold exposure (33, 34). Another finding, suggested that BMAT glucose uptake is able to influence systemic glucose homeostasis (33, 35). This lecture concluded with the statement that BMAT is a metabolically distinct fat depot with importance in numerous clinical conditions.




Workshops on Bone Marrow Adiposity


Standard Nomenclature, Abbreviation, and Units for the Analysis of Bone Marrow Adiposity

The first workshop entitled “Standard nomenclature, abbreviations and units for the analysis of bone marrow adipose tissue” was given by Dr. Nathalie Bravenboer (University Medical Center) and moderated by Dr. Stefanie Lucas (Université du Littoral Côte d’Opale). Dr. Bravenboer started with some historical data of the discovery of the bone marrow space and role in red blood cell development (36). The first part of her talk can be summarized with the mission of the nomenclature working group: “Our purpose is not to encourage or discourage the use of abbreviations and symbols but to ensure that the same ones are used by everybody” (10). Dr. Bravenboer listed some consensus notes: first, BMAd is the adopted abbreviation for the bone marrow adipocytes; second, BMA can be considered as a tissue, and third, anatomical location is important to give reference due to documented differences in sub-depots (e.g., proximal versus distal in the mouse tibia). The last part of this workshop was dedicated to a description of the methodologies for the analysis of BMAT including histomorphometry, Magnetic Resonance Imaging (MRI), Magnetic Resonance Spectroscopy (MRS), and Computed Tomography (CT) analysis, along with a full list of the parameters adopted to define BMAT while using each of those techniques. A detailed list of all the nomenclature and methodologies recommendations can be found in the two consensus papers published in 2021 (9, 10).



Skill Development on Histology

The second skill development workshop featured an invited talk by Dr. Erica Scheller (Washington University in St. Louis) covering histology of BMAT and was moderated by Dr. Michaela Tencerova (Institute of Physiology of the Czech Academy of Sciences). Dr. Scheller began the session outlining the potential uses of histology to study BMAds, including cell number, size, localization, molecular analyses, and lineage tracing, with a focus on the importance of technical considerations decided a priori. While the necessary considerations vary across specific histologic techniques, some factors of notable importance were generally applicable. Consistency in region of interest (ROI), analysis of a large and representative ROI, sufficient sample size (e.g., 100-300 adipocytes per sample), and the use of controls are critical to successful and reproducible histology. Hematoxylin and eosin staining of formalin-fixed paraffin-embedded tissue is ideal for investigating cell number and size (9, 37, 38). Investigation of localization or co-localization requires the usage of immunostaining methods, including both immunohistochemistry, utilizing a single antibody, and immunofluorescence, enabling multi-antibody staining (39, 40). Antibodies must be validated and optimized through positive and negative controls, including omission of the secondary antibody and tissue from genetic knockouts (41). Molecular analyses and BMAd-specific protein expression can be difficult to assess using immunostaining alone and may require lineage tracing or reporter lines (42). Despite its limitations, histology is a powerful tool for the study of BMAds and can be highly informative when care is taken to ensure rigor and reproducibility through the employment of appropriate controls and technical considerations. In summary, this workshop was an excellent introduction to the histology of BMAds for students and researchers new to the technique and will enable the usage of histological best practices.



Standard Imaging Methods in the Assessment of Bone Marrow Adipose Tissue

Dr. Dimitrios Karampinos (Technical University of Munich) delivered the third BMAT workshop: “Standard imaging methods in the assessment of bone marrow adipose tissue” that was moderated by Dr. Greet Kerckhofs (Katholieke Universiteit Leuven). Dr. Karampinos provided an extensive overview of the imaging techniques in use to assess both BMAT and bone properties, outlining the difficulties to explore both with the same imaging technique. He explained the concept of Magnetic Resonance (MR) contrast mechanisms to study fat, the T1-weighted imaging and chemical shift encoding resulting in a proton density fat fraction (PDFF). The PDFF has been used to demonstrate the fat fraction increases with aging (43, 44) and is higher in patients with osteoporosis (45). To explore in more depth the composition of fatty acids in BMAT, unsaturated and saturated fat can be measured. Data shows that saturated fats are lower in patients with fractures and/or diabetes (46), although this remains a challenging measurement especially in regions with more hematopoietic marrow (47). Finally, the newest development in BMAT imaging, i.e. measuring lipid droplet size using MRI techniques, was discussed (48). This talk was extremely useful to improve the understanding of in vivo measurement of BMAT.




Career Development Workshops


From Scientific Writing to Getting Your Paper Published

The first Career Development Workshop was given by Dr. Jonathan Tobias (University of Bristol) and moderated by Dr. Claire Edwards (University of Oxford). As a Specialty Chief Editor of the Bone Research Section in Frontiers in Endocrinology, Dr. Tobias focused on aspects of writing a scientific paper and going through the publication process. This talk covered the basic paper and journal types, reviewed the paper preparation process (e.g., paper structure and content), and the process of choosing appropriate journals for submission. Moreover, Dr. Tobias discussed the peer review process, covered the types of peer review and emphasized the importance of this process to improve the quality of publication. He also provided guidelines for responding to reviewers and tips on “Surviving the Peer Review” process, which was highly useful and informative for young researchers who are currently undergoing these processes with their first publications.



Academic Career Progression

The academic career progression talk was given by Dr. Michaela Reagan (Maine Medical Center Research/Tufts University and was moderated by Dr. Annegreet Veldhuis (Leiden University Medical Center). During the Academic Career Progression workshop, Dr. Reagan first took us with her on her academic journey and highlighted the importance of giving talks and meeting people during conferences to obtain new positions and advance your career. She shared her motivation to pursue an academic career and her keys to success, including diversification, finding a good mentor, considering work life balance, and personal traits like resiliency, open-mindedness, and most importantly, enjoying your work! Common mistakes were also discussed, such as being too optimistic, perfectionism, never saying no, and imposter syndrome. She explained the different academic career paths (tenure track, non- tenure track, or adjunct faculty) and highlighted useful grant options in the USA (e.g., NIH F31, F99/K00, NIH F32, DoD Postdoc Fellowship, or other Foundations and society). All in all, this workshop helped to gain more insight into the academic career progression and get some very useful advice.



How I Write a Grant

The career development workshop titled “How I write a grant” was given by Dr. Christopher Hernandez (Cornell University) and moderated by Dr. Julien Paccou (Lille University Hospital). Dr. Hernandez began the session detailing the importance of writing clarity in not only increasing the chances of being awarded the grant, but also in receiving feedback that will make the next grant better in the event it is not awarded. To this end, providing a strong framework, directly stating answers to review criteria, and using definitive verbiage (e.g., determine, establish, etc.) in your specific aims can improve the likelihood of receiving funding. Another key aspect of writing a grant is striking a balance between the big picture and technical details. Consideration of varying backgrounds of potential reviewers and the circumstances the grant will be read in (e.g., after hours, weekends), as well as developing skills in science communication can be extremely helpful. Numerous resources are available for additional help, including seminars, workshops, and published workbooks (49).



How to Start a Collaboration

This career development workshop continued with an invited talk by Dr. Stavroula Kousteni (Columbia University Irving Medical Center) on how to start a collaboration and was moderated by Dr. Bram van der Eerden (Erasmus University Rotterdam). This workshop was led in a very interactive format. Dr. Kousteni began by directly asking the participants what are the main aspects/points that you look for in a new collaborator (e.g., expertise, new methodology, clinical samples, animal models) as it can help to refine your search for the best collaborator. She also mentioned it is important to set up the rules of the collaboration at the beginning in order to avoid any miscommunication and delay progress of the project. Another trick to establishing successful collaborations is to find a collaborator with a similar personality. In addition, this workshop summarized several positive and negative aspects of starting new collaborations and left us with several tips on what is crucial in this important part of our scientific work.



A Path to the Science of the HeART

The career development talk entitled “A path to the science of the HeART” was given by Dr. Ana Silva and was moderated by Dr. Rossella Labella (Columbia University). Dr. Silva shared her personal transition from postdoc in academia to a freelancer position as a scientific illustrator. Like the majority of early-stage investigators in academia, she was considering becoming a Principal Investigator as her first choice. She was excluding other career options for three main reasons: ego, expectation, and fear. With the help of the MIND (Making Informed Career Decisions) program at the Gladstone Institute she decided to mix her two passions, science and illustration, and to pursue an alternative career path as a scientific illustrator. This led to the opening of her own business in Portugal. She concluded the workshop with several pros and cons of being a freelancer worker.



Learning from Failure in Life and Research

The last talk of the BMAS Summer School 2021, was given by Dr. Jennifer Heemstra (Emory University) and moderated by Dr. Erica Scheller (Washington University in St. Louis). The main goal of this talk was to share the tremendous lessons that Dr. Heemstra has learned from her scientific and life experiences. She first invited the audience to reflect on their own challenges and lessons in their career path. She began with a first lesson: your success is determined by what you do when everything is going wrong; and added that our life is the most interesting experiment that we get to run. She reminded the audience that there will be times in research and in life where things do not go as planned. It is true that these challenges and failures are frustrating, but they can also be an opportunity for us to learn and grow. She shared the many challenges she has faced in her career, including being advised not to pursue a scientific career by one of her high school academic advisors, her participation in Science Olympiad, challenging herself with the organic course chemistry where she discovered her passion for chemistry, losing her father and one of her best friends, becoming pregnant during her first week of postdoctoral training, and not passing the tenure votes. Dr. Heemstra reflected on not receiving tenure as one of the worst times of her life because she felt that she disappointed both her family and lab members. Through all of these challenges she discovered that she is stronger than she thought.

Finally, we should learn to enjoy what we are doing and do it with passion. Discovering the passion is essential and fulfilling. However, we should develop our passion rather than follow it. Dr. Heemstra ended the talk by encouraging the audience to take a step out of their comfort zone every day to challenge our capabilities. One lesson we learned from this talk: what might be your biggest failure can empower you to the most life-changing experience in your whole life.



Poster Sessions

Poster sessions consisted of a combination of pre-recorded 3-minute video presentations and a live discussion over Zoom in individual rooms. Abstracts covered a wide range of topics (Figure 3) and were divided into three categories, one per day of the summer school: 1) BMAT and stem cells, 2) BMAT, aging and cancer, and 3) BMAT and metabolic diseases. A detailed list of poster presenters and abstract titles is available in Table 1, while abstracts with consent for publication are available online (12).




Figure 3 | Word cloud of the abstract keywords. The keyword size correlates with the number of times that keyword was used in the abstracts. The analysis was carried out with WordCloud package in R.




Table 1 | List of the presenters and titles of the three poster sessions.





Awards

All the abstracts were evaluated from the scientific board of the BMAS in a blinded mode, each abstract was evaluated by three scientific board members and the final score was the sum of the three different evaluations. For abstract evaluation, the following criteria were considered: effectiveness of background and hypothesis, novelty of the data, clearness of communication, and overall quality of writing. The abstract that got the highest score was entitled Glucocorticoid receptor in bone marrow adipocytes is not required for expansion during calorie restriction and presented by Dr. Rebecca L. Schill from University of Michigan, USA.

In addition, the organizing committee of the summer school gave awards for the best poster presentation and for the most active participant. The former was assigned to Laura Trainor from Medical Research Institute, Adelaide, Australia and the latter to Husam Bensreti from Augusta University, Georgia, USA.




Concluding Remarks and Perspectives

Our understanding of BMA’s role and function in health and disease has grown considerably in the last years. Since 2015, an annual meeting on BMA has been organized with the aim to help collaborative research in the field and promote knowledge, which was accomplished with growing number of BMAS members and experts. In 2021, BMAS launched the first edition of the BMAS Summer School, an event organized by young scientists and addressed to trainees and junior investigators interested in the BMA field. Many biological questions remain to be addressed about the origin, development, and physiopathology of BMA, supporting the need to raise a young generation of scientists to the study of BMA. For instance, do BMAds share a common progenitor with osteoblasts? Why does BMAT develop? Do BMAds have only a filling function in bone marrow? Why do BMAds increase in conditions such as osteoporosis? Why do BMAds decrease with metastatic invasion of the bone marrow? Are there transcription factors and/or cell surface markers that are specific to BMAds and not other adipocytes? Will we be able to routinely measure BMAT in patients? Will it be possible in future to use BMAT assessment as diagnostic or prognostic tool?

BMAS Summer School 2021 was a success not only for the productive discussion coming from the insightful lectures of the speakers and the vibrant community of attendees, but also for bringing in scientists from fields other than BMA, and for the creation of a young investigator working group, the Next Generation BMAS. The main aim of the group will be to organize the biannual summer school, and other events like virtual happy hours, data discussion series, and “meet the professor” events, that will be included in the BMA meetings.
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Bone marrow contains precursor cells for osteoblasts and adipocytes in the stromal compartment. Bone marrow adipose tissue (BMAT) is an important constituent of the bone marrow that is particularly abundant in adults. BMAT is composed of the proximal “regulated” BMAT containing individual adipocytes interspersed within actively hematopoietic marrow, and the distal “constitutive” BMAT containing large adipocytes in the area of low hematopoiesis. Historically, bone marrow adipocytes were regarded as one of the terminal states of skeletal stem cells, which stand at the pinnacle of the lineage and possess trilineage differentiation potential into osteoblasts, chondrocytes and adipocytes. Recent single-cell RNA-sequencing studies uncover a discrete group of preadipocyte-like cells among bone marrow stromal cells (BMSCs), and recent mouse genetic lineage-tracing studies reveal that these adipocyte precursor cells possess diverse functions in homeostasis and regeneration. These adipogenic subsets of BMSCs are abundant in the central marrow space and can directly convert not only into lipid-laden adipocytes but also into skeletal stem cell-like cells and osteoblasts under regenerative conditions. It remains determined whether there are distinct adipocyte precursor cell types contributing to two types of BMATs. In this short review, we discuss the functions of the recently identified subsets of BMSCs and their trajectory toward marrow adipocytes, which is influenced by multiple modes of cell-autonomous and non-cell autonomous regulations.




Keywords: single-cell RNA sequencing (scRNAseq), skeletal stem cells (SSCs), in vivo lineage-tracing experiments, bone marrow stromal cell (BMSC), bone marrow adipose tissue (BMAT)



Introduction

Bone marrow houses diverse classes of cells, including cells in the skeletal (or mesenchymal), the hematopoietic (blood) and the endothelial (vascular) lineages. Bone marrow contains precursor cells for bone-making osteoblasts and lipid-accumulating adipocytes in the stromal compartment, both of which are considered to play important roles in bone homeostasis and regeneration, as well as in hematopoiesis by providing a microenvironment. Classically, skeletal stem cells with self-renewability and multipotency are considered to stand at the top of the lineage, and their descendants fall through a hierarchical model, differentiating first into progenitors then into terminally differentiated cells such as osteoblasts or adipocytes (1). However, it remains largely undefined whether skeletal stem/progenitor cells can be defined as discrete cell populations within the continuous spectrum of the bone marrow stromal cell lineage, and how their relationships with osteoblasts and adipocytes develop in a complex bone marrow microenvironment.

Recent single-cell RNA-sequencing (scRNA-seq) studies reveal profound cellular heterogeneity within bone marrow stromal cells (BMSCs) that are isolated by fluorescence-activated cell sorting (FACS) (2–9). These studies consistently found discrete preadipocyte-like cells populations expressing leptin receptor (Lepr) and C-X-C motif chemokine ligand 12 (Cxcl12) within BMSCs. These cells highly express classical adipocyte markers such as adiponectin (Adipoq) and adipogenic transcription factors such as peroxisome proliferator activated receptor gamma (Pparg). These adipogenic cell populations encompass newly defined subsets of Adipo-CXCL12 abundant reticular cells (Adipo-CAR cells) (10, 11) and marrow adipogenic lineage precursors (MALPs) (12), which mainly exist as non-proliferative pericytes and perivascular stromal cells. Recent mouse genetic studies highlight the diverse functions of bone marrow adipocyte precursor cells that not only contribute to the formation of bone marrow adipose tissues (BMATs) but also regulate the formation of the trabecular and cortical bones (for more detailed reviews, see (13, 14)).

In this short review, we discuss the functions of bone marrow adipocyte precursor cells in homeostasis and regeneration, and potentially diverse cellular sources of bone marrow adipocytes.



Bone Marrow Adipose Tissue (BMAT) and Its Function

Functionally, bone marrow adipocyte precursor cells are poised to differentiate into lipid-laden adipocytes that generate bone marrow adipose tissues (BMATs). Marrow adiposity increases under various physiological and pathological conditions such as aging, osteoporosis, radiation, chemotherapy (15). BMAT represents a unique form of adipose tissues that constitutes over 10% of the total fat mass in lean and healthy human adults (16). BMAT is composed of regulated and constitutive BMATs (rBMAT and cBMAT, respectively) with distinct functionality (17). rBMAT is mainly located in the proximal skeletal components and contains individual adipocytes interspersed within the areas of active hematopoiesis. In contrast, cBMAT is mainly located in the distal portion and contains large adipocytes that develop in the areas of low hematopoiesis; the latter cBMAT develops earlier and remains preserved upon systemic challenges (17–19).

Historically, the two types of bone marrow, “red marrow” and “yellow marrow”, have been recognized for several decades (20). The “red marrow” consists of blood-forming cells with scattered adipocytes, whereas the “yellow marrow” is filled almost entirely with adipocytes (21, 22). The cBMAT starts to form in the distal area at prenatal to neonatal stages, followed by rapid expansion early in life (17). In contrast, rBMAT develops later and expands with age, generally in areas of active hematopoiesis (17). BMAT acts as an endocrine organ and energy storage depot that can contribute to bone homeostasis, metabolism, hematopoiesis, and cancers (23), and associates with the pathophysiology of bone diseases such as osteoporosis (24). For example, osteoporosis is commonly associated with increased BMAT (25), and adipocyte-derived factors from BMAT can suppress osteoblast differentiation of skeletal stem cells and regulate bone remodeling (26). Interestingly, lipid metabolism of BMAT is distinct from that of subcutaneous adipocytes, as bone marrow adipocytes show diminished lipolytic activities and exhibit cholesterol-directed metabolism (27, 28). BMAT also has distinct roles in glucose homeostasis (29, 30). Moreover, bone marrow adipocytes regulate hematopoiesis through direct contact and cytokine secretion. In fact, marrow adipogenesis is associated with impaired hematopoiesis (31). Bone marrow adipocytes also regulate the progression of hematological diseases (32) and hematopoietic microenvironment (HME) regeneration (33), and promote proliferation and bone metastasis of cancer cells including prostate and breast cancers and melanoma (34–37). Therefore, BMAT has important regulatory functions in bone metabolism, hematopoiesis and bone metastasis.

Despite unique metabolic status and functions, whether rBMAT and cBMAT are supported by distinct populations of precursor cells remains unknown. Subcutaneous and marrow adipocytes are derived from different precursor cell populations and possess different metabolic patterns. It is important to characterize marrow adipocyte precursor cells further to unravel molecular mechanisms supporting the unique functions of distinct classes of BMATs.



The Bone Marrow Stromal Cell Lineage and Its Trajectory Toward Marrow Adipocytes

Understanding the landscape of the bone marrow stromal cell lineage is essential to identifying potential cellular origins of BMATs. Cells constituting the bone marrow stromal cell lineage have been at least partly revealed by recent large-scale scRNA-seq studies of BMSCs that are isolated by cell sorting (2–5, 11). The major limitation of these single-cell approaches is that bone marrow adipocytes are large-sized (~150µm) and fragile, therefore cannot be captured through conventional cell sorting or encapsulated in oil droplets in microfluidic devices. Nonetheless, these scRNA-seq studies successfully have identified discrete clusters of adipocyte precursor cells (preadipocyte-like cells) that abundantly express Lepr, in addition to cell clusters that might correspond to skeletal stem and progenitor cells, preosteoblasts and other stromal cell types.

These studies further infer the potential lineage relationship among identified bone marrow stromal cell types using computational approaches, such as RNA velocity (3, 4, 11). These studies identify putative skeletal stem cell populations, such as Lepr+ (encoding LepR) (3), Cspg4+ (encoding NG2) (11) or Nt5e+ (encoding CD73) (4), which are predicted to provide a cellular source of adipocyte precursor cells. Importantly, these studies place osteoblasts and preadipocytes at the opposite ends of the inferred lineage trajectory, while simultaneously identifying a number of transitional cell types among putative terminal states, highlighting the contiguous nature of the bone marrow stromal cell lineage that spans over osteoblasts and marrow adipocytes.

Therefore, recent scRNA-seq studies corroborate with the well-established ideas that preadipocyte-like cells represent a distinct state from osteoblasts and their precursors among BMSCs. However, the identities of putative skeletal stem/progenitor cell populations are variable among studies, therefore remain largely ambiguous. Further studies are required to delineate the identities of these stem cells and their relationships with more abundant preadipocyte-like stromal cells.



Adipogenic Subset of CXCL12+LepR+ Cells (Adipo-CAR Cells) and Their Osteogenic Functions

As mentioned above, cells abundantly expressing adipocyte-related markers such as Lepr and Adipoq constitute major cellular subsets of BMSCs (5, 11). Lepr encodes leptin receptor (LepR) that is a cognate receptor for the circulating adipokine, leptin. LepR+ stromal cells overlap substantially with CXCL12-abundant reticular (CAR) cells, as cells marked by Cxcl12-GFP coincide (approximately 90%) with cells marked by Lepr-cre (10, 38). LepR+ stromal cells provide a major source of adipocytes in adult bone marrow (38), which is further supported by more recent lineage-tracing studies using Lepr-creER (39). Functionally, LepR promotes marrow adipogenesis, as conditional deletion of LepR in BMSCs using Prrx1-cre increases osteogenesis and decreases adipogenesis in bone marrow (40).

CAR cells have been originally described as adipo-osteogenic progenitors that form a component of the hematopoietic stem cell niche (41). CAR cells can be uniformly marked by Ebf3-creER in the adult stage (Ebf3+ CAR cells), and contribute to both osteoblasts and adipocytes (42), supporting that LepR+ and CXCL12+ cells have similar cell fates. Importantly, CXCL12 is most abundantly expressed by reticular stromal cells in the central marrow space, and plays important roles in maintaining hematopoietic stem and progenitor cells (43–49). In fact, CXCL12 deletion in BMSCs causes reduction in hematopoietic cells in bone marrow (50, 51).

CAR cells have been recently reclassified into two classes of Osteo-CAR and Adipo-CAR cells (11), instead of a uniform entity as adipo-osteogenic progenitors (Figure 1). Osteo-CAR cells express both Cxcl12 and Alpl (encoding alkaline phosphatase, a preosteoblast marker), but not Lepr. These Osteo-CAR cells are localized to arterioles and in proximity to the bone surface, which are poised to differentiate into osteoblasts. In contrast, Adipo-CAR cells with pre-adipocyte-like properties are localized to the areas around sinusoidal vessels located in the center of the marrow space, which are poised to differentiate into adipocytes. Adipo-CAR cells abundantly express classical adipocyte markers (Adipoq, Lepr) as well as hematopoiesis-supporting cytokines (Kitl and Cxcl12), but do not express osteogenic markers and cytokines such as Alpl, Sp7 and Clec11a at the same level. It is intriguing to speculate that the adipocyte precursor identity may confer these Adipo-CAR cell with some metabolic advantages to secrete large amounts of cytokines, such as Kit ligand (SCF), CXCL12 and Adiponectin.




Figure 1 | Two major subsets of bone marrow stromal cells (BMSCs). Adipogenic BMSCs (Adipo-CAR cells) with pre-adipocyte-like properties are localized to the areas around sinusoidal vessels located in the center of the marrow space, which are poised to differentiate into adipocytes.



The next important question is, what are the in vivo cell fates and functions of preadipocyte-like BMSCs including Adipo-CAR cells? The answer to this question has been partly contributed by mouse genetic lineage-tracing studies using a Cxcl12-creER line (10). Interestingly, the Cxcl12-creER bacterial artificial chromosome (BAC) transgenic line can almost exclusively mark a preadipocyte-like subset of CAR cells, which may correspond to Adipo-CAR cells, upon tamoxifen injection. These cells are quiescent and dormant with little colony-forming activities in physiological conditions. These Cxcl12-creER+ preadipocyte-like cells readily become marrow adipocytes, but do not become cortical bone osteoblasts in normal conditions. However, these Cxcl12-creER+ cells can rapidly convert their identity into a skeletal stem cell-like state in response to injury, associated with upregulation of osteoblast-signature genes and activation of canonical Wnt signaling components. As a result, these cells further differentiate into cortical bone osteoblasts to repair bone defects.

Therefore, Adipo-CAR cells, which are broadly distributed throughout the central marrow space, may maintain the potential to dedifferentiate into skeletal stem cell-like cells under regenerative conditions, supporting the theory that dormant adipocyte-like marrow stromal cells can support the remarkable regenerative capacity of bones through cellular plasticity. These findings also suggest that skeletal stem cells that are actively involved in regenerative conditions may be at least in part contributed through cellular plasticity in adults (Figure 2A)  (10, 52).




Figure 2 | Adipogenic trajectory of the bone marrow stromal cell lineage. (A) In physiological condition, dormant Adipo-CAR cells can become marrow adipocytes. Hematopoietic cells may regulate marrow adipogenesis in a manner dependent on CXCL 12-mediated physical coupling. CXCL 12 deletion leads to a reduction of stromal-hematopoietic coupling and accelerates marrow adipogenesis. In contrast, Adipo-CAR cells convert into skeletal stem cell-like cells in response to injury, and redifferentiate into osteoblasts through cellular plasticity to support cortical bone regeneration. (B) Central bone marrow of control (Cxcl12GFP/+) and Col2a1-CXCL12 cKO (Col2a1-cre; Cxcl12GFP/fl) mice stained for CD45 and lipid TOX, at 3W (left) and 3M (right).



Additionally, another preadipocyte-like subset of BMSCs termed marrow adipogenic lineage precursor (MALP) cells, which are marked by “adipocyte-specific” lines such as Adipoq-cre and Adipoq-creER, regulates bone formation within marrow space (12). MALP cells form a vast three-dimensional network surrounding sinusoidal blood vessels, and ablation of these cells using a diphtheria toxin fragment A (DTA) allele causes a massive increase of trabecular bones throughout marrow space, especially in female mice (12, 53). This is considered to arise from loss of MALP cell-derived factors that locally inhibit differentiation of skeletal stem/progenitor cells. Therefore, MALP cells can regulate osteogenesis in a cell non-autonomous manner.

Therefore, multiple adipocyte-related cell types have been described to date in the bone marrow, and these adipogenic subsets of BMSCs possess unexpectedly diverse functions beyond formation of marrow adipose tissues, particularly in the context of cortical and trabecular bone formation and regeneration. The important remaining question is whether these thus-far identified adipogenic BMSC subsets represent separate or overlapping entities, or reside in distinct bone marrow microenvironments in a way consistent with two different classes of BMATs. Delineating adipogenic BMSC subsets further will facilitate our understanding of diverse functions of bone marrow adipocytes and their precursor cells.



CXCL12-Mediated Cell Non-Autonomous Mechanisms Direct Bone Marrow Adipogenesis

The prevailing notion is that bone marrow adiposity is induced by an aberrant cell fate shift of bone marrow skeletal stem cell populations due to cell-intrinsic changes. For example, loss of Wnt/β-catenin signaling (54), intracrine VEGF signaling (55) or PTH/PTHrP receptor signaling (56) and its downstream Gsα signaling (57), has been shown to induce a bias in cell differentiation toward adipocytes. However, because there are a large number of preadipocyte-like cells within the stromal compartment throughout the marrow space and these cells have not yet accumulated intracellular lipid, marrow adiposity may be more promptly regulated at the transition between these precursor cells to fully lipid-laden marrow adipocytes. In other words, the rate-limiting step for marrow adiposity may be at the level of precursor cells, but not at the level of stem cells.

CXCL12 has well-documented roles in hematopoiesis. Additionally, CXCL12 released by BMSCs regulates osteogenesis and adipogenesis; while osteogenesis is controlled by a cell-autonomous mechanism mediated by the CXCL12-CXCR4 signaling pathway, adipogenesis is regulated by a cell-non-autonomous mechanism involving an unidentified cell type (50). The Lai group demonstrates that conditional deletion of Cxcl12 using Prrx1-cre or Osx-cre leads to marrow adiposity and reduced trabecular bones, whereas conditional deletion of Cxcr4 using Prrx1-cre causes reduced trabecular bones without marrow adiposity. Interestingly, marrow adiposity in these Cxcl12-deficient mice occurs in the metaphyseal region starting from neonatal stages (50). These premature bone marrow adipose tissues in the mutant mice resemble rBMAT, indicating that rBMAT formation may be at least in part regulated by non-cell autonomous mechanisms.

The next important question is, what are the potential cell non-autonomous mechanisms that regulate premature marrow adiposity associated with CXCL12-deficient BMSCs? More recent studies demonstrate that many CXCL12+ preadipocyte-like cells (Cxcl12-creER+, Adipo-CAR cells) are physically coupled with hematopoietic cells, particularly with B-cell precursors, monocytes and granulocytes, in a protease-sensitive manner, possibly through CXCL12-CXCR4 interactions (51). Further, CXCL12 deletion in BMSCs using Col2a1-cre leads to a reduction of stromal-hematopoietic coupling and extensive marrow adipogenesis specifically in adult bone marrow (Figure 2B). Interestingly, unlike other CXCL12-deficient models, marrow adiposity does not occur in younger stages in these Col2a1-cre-driven Cxcl12 mutant mice, with Adipo-CAR cells appearing to directly convert into lipid-laden adipocytes without involving cell-intrinsic defects in skeletal stem/progenitor cell fates.

Therefore, these studies indicate that there may be a potential link between CXCL12-dependent stromal-hematopoietic coupling and marrow adipogenesis, as the adipogenic subset of CXCL12+ BMSCs are highly interactive with hematopoietic cells. One possible mechanism is that physically-coupled hematopoietic cells provide some types of microenvironmental cues to prevent premature differentiation of pre-adipocyte-like stromal cells into fully lipid-laden marrow adipocytes (50, 51). It is intriguing to think that hematopoietic cells may directly or indirectly regulate marrow adipogenesis in a manner dependent on CXCL12-mediated physical coupling, although details need to be clarified by further experimentation (Figure 2). This may serve as one of the important mechanisms that dictate age and disease-related increase in marrow adiposity commonly observed in humans.



Bone-Specific Secondary Adipogenesis Pathway: From Osteo-CAR to Marrow Adipocytes?

Interestingly, recent studies demonstrate that there might be an alternative bone-specific adipogenic pathway that bypasses classical adiponectin-expressing preadipocyte-like cells. This unique adipogenic pathway has been discovered in fat-free (FF) mice, in which essentially all adiponectin-expressing adipocytes and their precursor cells are ablated using Adipoq-cre and inducible DTA expression (58). This genetic model mimics Berardinelli-Seip congenital generalized lipodystrophy, which is associated with increased bone mass and diabetic conditions. Interestingly, in these lipodystrophic FF mice, bone marrow adipocytes still develop within regions of bone marrow that are normally devoted to hematopoiesis under aging and states of metabolic stresses. These bone marrow adipocytes are recruited from adiponectin-negative stromal cells and specialized for lipid storage with compromised lipid mobilization and cytokine expression.

What is the identity of adiponectin-negative stromal cells that can give rise to special bone marrow adipocytes under lipodystrophic conditions? One possibility is that bone marrow adipocytes can originate alternatively from alternative preosteoblast-like subsets of BMSCs, such as Osteo-CAR cells that localize to the peripheral arterioles and endocortical surfaces, or bone-lining cells that are marked by a pulse-chase protocol using Dmp1-creER (59) (Figure 2A), although neither of these studies (53, 59) provided direct evidence based on rigorous in vivo lineage-tracing approaches that can directly target these cells. These potentially diverse cellular sources of bone marrow adipocytes highlight the adaptability of BMATs, particularly “regulated” rBMAT in bone marrow, which can promptly respond to systemic and local health and disease conditions (17). In fact, these ectopic lipodystrophic marrow adipocytes develop in the regions that normally develop rBMATs, indicating an association between adiponectin-negative adipocyte precursor cells and rBMAT formation. It remains to be determined if preosteoblast-like subsets of BMSCs (such as Osteo-CAR cells) can be directly converted to bone marrow adipocytes in rBMAT under physiological conditions.



Limitations of Current Studies and Future Directions

It is evident that bone marrow adipocytes constituting the two types of BMATs originate from BMSC subsets. Therefore, the unique metabolic and functional features of bone marrow adipocytes are likely to be conferred by their precursor cell populations. Single-cell RNA-seq studies reveal that preadipocyte-like BMSCs do not represent a single homogenous entity, but are instead constituted by a spectrum of heterogeneous cell types spanning over preosteoblasts and lipid-laden adipocytes. The reasonable hypothesis is that the two distinct classes of BMATs are formed by different types of bone marrow adipocyte precursor cells. However, detailed characteristics of these adipocyte precursor cell subtypes have not been successfully revealed.

Despite tremendous progress in the field in recent years, in-depth functional analyses of bone marrow adipocytes have been hampered due to critical technical limitations. First, bone marrow adipocytes are extremely fragile and large-sized, therefore there is no reliable method to isolate these cells for single-cell analyses or culture them in vitro. Second, no transgenic tool is available yet to target only adipocytes and their precursors in bone marrow, but not those in subcutaneous tissues or elsewhere. Because of these technical hurdles, the functional significance of bone marrow adipocytes in bone metabolism and hematopoiesis has not been fully uncovered. Third, an inducible genetic tool that can specifically mark preosteoblast-like subsets of BMSCs, such as Osteo-CAR cells, is not yet available. Therefore, whether an alternative bone-specific adipogenesis pathway truly exists has not been formally demonstrated.

Technical breakthroughs are needed to unravel intercellular interactions among bone marrow adipocytes and their surrounding cells at a single-cell level in their native environment. Bone marrow adipocytes constitute a part of the stromal-reticular network, residing in an intricate microenvironment (60) and abundantly secreting a large variety of cytokines including SCF and CXCL12. More sophisticated approaches will be needed to fully define the functions of different types of bone marrow adipocytes and their precursor cells in vivo, and eventually define how they regulate bone metabolism and hematopoiesis through both cell-autonomous and cell-non-autonomous mechanisms.



Conclusion

In this review, we discussed the current understanding of the bone marrow stromal cell lineage, which is largely contributed by recent scRNA-seq and in vivo lineage-tracing studies. These studies have substantially refined our idea on bone marrow adipocytes and their precursor cells, particularly highlighting important functions of the adipogenic subsets of bone marrow stromal cells in marrow adiposity and bone homeostasis.

It has been generally considered that skeletal stem cells have pivotal roles as a cellular origin of bone marrow adipocytes. While this concept still holds true, the emerging notion is that the important regulatory step may lie downstream at the level of adipocyte precursor cells; this is facilitated by the discovery of a discrete preadipocyte-like population of CXCL12+LepR+ BMSCs that exist in a large number throughout the marrow space. Functionally important subsets of adipogenic BMSCs include recently described populations of Adipo-CAR cells and MALPs that have substantial regulatory functions in osteogenesis. Prompt increase in marrow adiposity in aging and other disease conditions may be induced by virtue of the inherent capacity of adipogenic BMSCs that can easily convert to lipid-laden bone marrow adipocytes.

The trajectory to bone marrow adipocytes is now becoming clearer. The remaining task is to clarify if there are discrete precursor cell populations that contribute to two types of BMATs. It is possible that bone marrow adipocytes of “regulated” rBMAT are also contributed to by an alternative bone-specific pathway originating from preosteoblasts, although this pathway has been demonstrated so far only in extreme adipocyte scarcity in lipodystrophic fat-free mice. Clarifying further cellular origins of bone marrow adipocytes of cBMAT and rBMAT will give us the opportunity to clarify the formation and the disappearance of marrow adipocytes in normal development, pathological conditions and therapeutic responses. These future endeavors will lead to a more detailed understanding of the function of bone marrow adipocytes that have incredibly diverse functions through local and systemic regulations.
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Anorexia nervosa is known to induce changes in bone parameters and an increase in bone marrow adiposity (BMA) that depend on the duration and seriousness of the disease. Previous studies have found that bone loss is associated with BMA accumulation. Sirtuin of type 1 (Sirt1), a histone deacetylase that is partly regulated by energy balance, was shown to have pro-osteoblastogenic and anti-adipogenic effects. To study the effects of the severity and duration of energy deficits related to bone loss, a mouse model of separation-based anorexia (SBA) was established. We recently demonstrated that moderate body weight loss (18%) 8-week SBA protocol in mice resulted in an increase in BMA, bone loss, and a significant reduction in Sirt1 expression in bone marrow stromal cells (BMSCs) extracted from SBA mice. We hypothesised that Sirt1 deficit in BMSCs is associated with bone and BMA alterations and could potentially depend on the severity of weight loss and the length of SBA protocol. We studied bone parameters, BMA, BMSC differentiation capacity, and Sirt1 expression after induction of 4 different levels of body weight loss (0%,12%,18%,24%), after 4 or 10 weeks of the SBA protocol. Our results demonstrated that 10 week SBA protocols associated with body weight loss (12%, 18%, 24%) induced a significant decrease in bone parameters without any increase in BMA. BMSCs extracted from 12% and 18% SBA groups showed a significant decrease in Sirt1 mRNA levels before and after co-differentiation. For these two groups, decrease in Sirt1 was associated with a significant increase in the mRNA level of adipogenic markers and a reduction of osteoblastogenesis. Inducing an 18% body weight loss, we tested a short SBA protocol (4-week). We demonstrated that a 4-week SBA protocol caused a significant decrease in Tb.Th only, without change in other bone parameters, BMA, Sirt1 expression, or differentiation capacity of BMSCs. In conclusion, this study showed, for the first time, that the duration and severity of energy deficits are critical for changes in bone parameters, BMSC differentiation, and Sirt1 expression. Furthermore, we showed that in this context, Sirt1 expression could impact BMSC differentiation with further effects on bone phenotype.
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Introduction

Anorexia nervosa (AN) is a disorder with psychiatric origins characterized by inadequate dietary intake resulting in low body weight. Many studies have demonstrated that a higher volume of bone marrow adipose tissue (BMAT) is present in anorexic patients than in normal-weight controls (1–3). This high level of BMAT is often associated with a decline in bone mass, resulting in increased fracture risk (4, 5). Recently, a negative correlation was shown between the fraction of fat in the bone marrow cavity and the bone mineral density (BMD) at the femoral neck and at the hip of anorexic patients in multiple anatomical subregions, even after weight recovery (6).

Marrow adipocytes originate from skeletal stem cells (SSCs) that also function as precursors to muscle, cartilage, and bone-forming osteoblasts (7–9). Moreover, it has been shown that the accumulation of marrow adipocytes, which is observed in bone loss situations, is potentially caused by a shift in the commitment of SSCs from the osteogenic pathway to the adipogenic pathway (10). This finding suggested the existence of a competitive relationship between these two pathways. Furthermore, bone marrow stromal cells (BMSCs), which include SSCs from aged mice express more adipocytic transcripts and fewer osteoblastic transcripts than BMSCs extracted from young animals (11).

The differentiation of SSCs towards the adipocytic or osteoblastic pathway could be influenced by many modulators of signalling pathways, such as glucocorticoids, Wnts, and bone morphogenetic proteins (12–14). Moreover, the histone deacetylase (HDAC) family was also shown to influence the fate of differentiating mesenchymal progenitor cells by removing acetyl groups from lysine residues in histones and other proteins, thus, altering chromatin structure, gene expression, and protein activity (15, 16).

Sirtuin type 1 (Sirt1) is classified as a class III HDAC and is known to be involved in the extension of lifespan in mammals and other organisms and in protection against age-associated diseases (such as diabetes and obesity) (17). Additionally, Sirt1 is involved in the regulation of BMSC differentiation into either osteoblasts or adipocytes. Indeed, several studies have demonstrated that activation of Sirt1 promotes osteoblastic differentiation (18–21), while a decrease in Sirt1 expression induces adipocytic differentiation (22, 23). Interestingly, caloric restriction (CR) has been shown to stimulate the expression and activity of Sirt1 in various mammalian tissues, such as liver and white adipose tissue. Also, CR has been shown to induce a decrease in the level of Sirt1 mRNA in the cerebellum and midbrain (24, 25).

Recently, we demonstrated that 8 weeks of a separation-based anorexia (SBA) protocol, inducing medium weight loss (18%) vs day 0 of experiment in mice, is associated with an increase in bone marrow adiposity (BMA), bone loss, and a significant reduction in Sirt1 expression in BMSCs extracted from SBA mice (26). We hypothesised that Sirt1 deficit in BMSCs is involved in bone and BMA alterations and could potentially depend on the severity of weight loss and the length of SBA protocol. To verify these hypotheses, we characterized bone and BMA, and determined BMSC differentiation capacity and Sirt1 expression after a 10-week induction of 4 different levels of body weight changes (0%, -12%, -18% and -24%) relative to mice at Day 0. The same parameters were also analyzed after a 4-week SBA protocol with 18% weight loss.



Materials and Methods


Animals

Seven-week-old female C57BL/6J mice purchased from Charles River Laboratories (St Germain sur l’Abresle, France) were used for the separation-based anorexia (SBA) model (27). This particular mouse strain was chosen because of its use in various studies related to calorie restriction-induced bone alterations. Additionally, C57BL/6J mice exhibit a medium level of BMA, which allows us to detect any change in this parameter.

Mice were housed 6 per cage in a controlled room temperature (22°C+/- 1°C) under a 12-hour dark/light cycle (lights off at 10 a.m.) and with free access to water. Before induction of the SBA protocol, mice were acclimatized for one week. The SBA protocol was generated for ten weeks and aimed to induce 4 different weight loss conditions in randomly allocated mice – no weight loss (SBA 0%), a light 12% weight loss (SBA 12%) (achieved 12.97%), a moderate body weight loss of 18% (SBA 18%) (achieved 17.27%) and severe weight loss of 24% (SBA 24%) (achieved 23.17%), relative to Day 0 (D0). A time restricted-feeding was used to induce weight loss in mice, a food access time was gradually reduced from 6 h to 2 h per day during the protocol, depending on the desired weight loss to achieve. Mice allocated to severe, moderate, and light weight loss groups had reduced food availability and time dependent on the progression of weight loss. For no weight loss group the time of the feeding was not decreased dramatically, in order to maintain the initial mice weight. Furthermore, throughout the protocol mice of SBA groups were kept in the separate sections of the cage with free access to water and this encouraged the increased energy expenditure by thermogenesis. The SBA mice were gathered together in regular cages for the periods of feeding. The CT group was housed in standard conditions in collective cages with water and food provided ad libitum. This study was specifically approved by the Committee on the Ethics of Animal Experiments (CEEA) of Nord-Pas de Calais, France (permit number: CEEA#2016070717275082).

Additionally, a 4-week SBA protocol was performed using seven-week-old female C57BL/6J mice, similar to the 10-week protocol. After one week of acclimatization, the SBA protocol was generated for 4 weeks to achieve moderate weight loss of 18% (SBA 18%) (achieved 18.75%) in mice relative to their weight at D0. This study was specifically approved by the Committee on the Ethics of Animal Experiments (CEEA) of Nord-Pas de Calais, France (permit number: CEEA#2016070717275082).



Dual Energy X-Ray Absorptiometry (DEXA) Analysis

The fat mass, lean mass, and bone mineral content (BMC) of mice were analyzed using the Lunar PIXImus Mouse Densitometer (GE Healthcare, Madison, WI) according to a previously described protocol (27).



Mineralized Bone Micro-CT Analysis

Tibiae extracted from CT and SBA mice were scanned using a Skyscan 1172 microCT device (Bruker MicroCT, Kontich, Belgium). The software suite provided by the manufacturer was used for image acquisition, reconstruction, analysis, and 3D visualisation (Skyscan 1172©, NRecon©, Dataviewer, CTAn©, CTVox™). Analysis of the tibia trabecular bone volume/tissue volume (BV/TV) ratio, cortical thickness (Cort.Th), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular spacing (Tb.Sp) of all animals were determined in a 0.5mm region beginning 250μm proximal to the proximal growth plate. More detailed description for the quantification of 3D microarchitecture of trabecular bone has been previously presented (28).



Bone Marrow Adipose Tissue Content - Micro-CT Analysis

The BMAT and bone parameters analyzed by micro-CT of all mice were quantified using a previously published protocol (29) in the proximal tibia. To quantify the BMAT content, the same region of interest (ROI) was used as in the analysis of mineralized bone. After the first micro-CT scan, tibiae were decalcified in 4% formic acid/10% NBF (1:1), pH 7.4, for 48 h. Then bones were rinsed in distilled water and stained in the fume hood for 48 h in the aqueous staining solution (1% osmium tetroxide solution stabilized in a 2.5% dichromate potassium) at room temperature. Then, bones were rinsed for 48 h at room temperature in PBS with regular renewal of the solution. Osmium-stained bones were then stored at 4°C in PBS until the second micro-CT acquisition. The study focused on quantifying the percentage of the ratio of adipocyte volume to marrow volume (%, Ad.V/Ma.V). The data are presented in the form of the percentage of BMAT volume in marrow volume.



Primary Bone Marrow Cell Cultures

Primary bone marrow cells were harvested from the tibiae and femurs of CT and SBA mice and grown for 7-10 days in αMEM media (PAN BIOTECH; P04-21050) with 15% fetal bovine serum (PAN BIOTECH; P30-3306), 1% penicillin/streptomycin (PAN BIOTECH; P04-85100) and 1% stable glutamine (PAN BIOTECH; P06-07100). After reaching full confluency, the plated BMSC population was differentiated into both osteoblasts and adipocytes according to the co-differentiation protocol described in a previously published article (30). The media containing co-differentiation inducers was replaced every two days during the 14 days of the co-differentiation experiment. This culture duration was chosen because of its brevity, which allowed for minimizing the time for cells to change after leaving the in vivo state.



Raman Microspectroscopy

Cells were plated on calcium fluoride (CaF2) substrate, which is adapted to Raman analysis. The Raman microspectrometer was a LabRAM HR800 (Jobin-Yvon, France) instrument equipped with an XYZ motorized stage and a diode laser λ=785 nm. The Raman spectrometer was coupled with a microscope (BX40, Olympus). Raman acquisitions were performed with a water objective 100x lens (Nikon, numerical aperture = 1.1 Japan). The water immersion objective focused the laser on the cell within the micrometre scale on the centre of individual lipid droplets, where one spectrum corresponds to one adipocyte lipid droplet. A total of 1,252 lipid droplets were acquired over 109 adipocytes (Table 1), representing an average of 83.4 lipid droplets analyzed per well and an average of 7.2 adipocytes analyzed per well. Spectral acquisition was performed in the 400-1800 cm-1 range. The Raman signal was collected by a multichannel CCD detector (1024×256 pixels). The acquisition time was set at 60 s averaged 2 times per spectrum (total acquisition time = 120 sec). Raman spectra were processed using Labspec software (HORIBA, Jobin-Yvon, France). A Savitzky–Golay smoothing filter was applied to all Raman spectra. The band areas were integrated over defined Raman shift regions in the spectrum using a sum filter. The filter calculates the areas within the chosen borders and the background is subtracted by taking the baseline from the first to the second border. The band area was estimated at 1441 cm-1 (peak-ROI 1400-1500 cm-1) and 1654 cm-1 (peak-ROI 1620-1694 cm-1). The Raman bands at 1441 cm-1 and 1654 cm-1 are assigned to vibrations CH2 and C=C, respectively (31). The unsaturation ratio was calculated as the ratio of band areas 1654 cm-1/1441 cm-1 (31).


Table 1 | Details of lipid droplets studied in each condition of the 10-week and 4-week protocols.





Mineralization Quantification

The sample mineralization level was quantified using the same protocol previously described (30). Briefly, cells were harvested in a solution of PBS 1X/Triton 0.2%/HCl 6 M and disrupted by sonication. After, 5 μl of HCl 6 M was added to 95 μl of each sample and incubated overnight at 4°C. Following by centrifugation at 1500 × g for 5 min, the protein content was determined using the DC protein assay kit BioRad. The mineralization content was quantified.



RNA Extraction, Reverse Transcription and Real-Time PCR

Total RNA was extracted from BMSC cultures by the previously described protocol (30). Reverse transcription and RT–PCR were performed as previously described (32). The sequences of the primers (TibMolBiol, Berlin, Germany), annealing temperature, product length, and GenBank reference for each of the analyzed genes are shown in Table 2.


Table 2 | Primer sequences and conditions of quantitative RT–PCR.





Statistical Analysis

The 10-week study was performed with 6 samples per condition, except for the mineralization experiment, which had 4 replicated per group. The 4-week study was performed with 5 samples per condition. The median and interquartile range were calculated for the groups. Due to the low number of replicates, the normality of the data could not be tested. In 10-week study, we performed Kruskal-Wallis One-Way ANOVA test to show the significance between all the conditions. Additionally, we conducted Dunn’s test in order to see the relationships between specific pairs of conditions. For the 4-week studies we performed Mann–Whitney’s test to see the statistically significant relationship between the two particular conditions. All tests were performed using GraphPad Prism software. Differences with p<0.05 were considered statistically significant.




Results


The 10-Week SBA Protocols Induced a Significant Decrease in Mouse Body Weight (12%, 18%, 24%) and Were Shown to Cause Changes Not Only in Fat Mass But Also in Lean Mass and Bone Mineral Composition

To study the effect of energy deficit severity on bone and BMSCs, we performed four different SBA protocols on female mice. We induced 0%, 12%, 18%, and 24% weight loss from the initial mouse weight over 10 weeks. Prior to the study, mice were randomized into five experimental groups that did not display significant differences in body weight at Day 0. Mice from the control group (ad libitum and not separated) displayed a significant body weight increase (+22.42% vs. D0) after 10 weeks (Figure 1A). In the SBA 0% group, no significant weight change (+4.39% vs. D0) was observed, as this condition did not imply weight change (Figure 1A). In all other SBA groups, we observed a significant decrease in weight after 2 weeks of protocol and this decrease was maintained until the end of the 10 weeks (SBA 12% (-12.97%) vs. D0; SBA 18% (-17.27%) vs. D0; and SBA 24% (-23.17%) vs. D0) (p<0.005 vs. D0). The results of DEXA analysis showed a significant decrease in total body bone mineral content (BMC) only in light (12%) and moderate (18%) weight loss conditions (SBA 12% -17% vs. CT; SBA 18% -15% vs. CT) (Figure 1B). The study of the BMC at specific sites, revealed that all three weigh loss conditions induced a significant decrease in femur BMC - SBA 12% (-27% vs. CT), 18% (-29% vs. CT) and 24% (-30% vs. CT) (Figure 1C). However, only the SBA 18% group showed a significant decrease in the BMC of lumbar vertebrae (L3-L5) (SBA 18% -23% vs. CT) (Figure 1D). The BMC decrease was potentially associated with a decrease in lean absolute mass in mice from the SBA groups 12% (-19% vs. CT) and 24% (-22% vs. CT). This parameter was significantly reduced only in weight loss conditions, while in the SBA 18% group, lean absolute mass just showed a tendency to decrease without statistically significant change (Figure 1E). However, study of lean percentage (%) of total mouse mass, showed a significant increase in all three weigh loss conditions (SBA 12%. 18% and 24%). This was due to a significant decrease in fat mass in same conditions (on average -53% vs. CT). Fat absolute mass in weight loss conditions exhibited a great decrease (59-64%, p 0.0001 vs. CT) (Figure 1F). These data highlight that absolute lean mass and fat mass parameters can be associated with BMD under weight loss conditions, as a significant decrease in whole-body BMC or femoral/vertebral BMC together with lean and fat mass was observed only in the weight loss mice.




Figure 1 | Body mass, BMC, fat and lean mass in mice after 10 weeks of SBA protocols of different severity. The body weight and composition analysis were performed on standard condition (CT), constant weight group (SBA 0%) and three weight loss groups with different severity levels (SBA 12%, 18% and 24%). (A) Graph represents a percentage body weight loss on mice between day 0 and 10 weeks of SBA protocol; (B-D) Study of total mouse body mineral content (BMC), femur BMC and vertebra (L3-L5) BMC, respectively, were evaluated for each animal and each condition after 10 weeks of SBA protocol.; (E, F) Lean mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol; (G, H) Fat mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol. Data represent median and interquartile range; n = 6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa - p < 0.005 and aaa - p < 0.0005 when compared to the CT group (b – when compared to the SBA 0% group).





The 18% and 24% SBA Protocols Resulted in a Significant Decrease in Trabecular and Cortical Thickness, Without Any Increase in Bone Marrow Adiposity

To determine the effect of SBA severity on bone microarchitecture, we conducted proximal tibia micro-CT analysis. Bone volume fraction (BV/TV) showing the relative volume of mineralized trabecular bone was not affected by the SBA protocols (Figure 2A). Trabecular thickness (Tb.Th) was significantly decreased only under severe weight loss conditions (SBA 24%: -29% vs. CT) (Figure 2B). In contrast with the thickness of the trabecular bone, the trabecular number (Tb.N) and trabecular spacing (Tb.Sp) were not significantly affected, even for the 24% group (Figures 2C, D). One of the bone fragility parameters was assessed through the study of cortical thickness (Cort.Th), which is affected by the SBA protocol. Indeed, the SBA 18% and 24% caused 16% and 17% decreases in this parameter, respectively (p 0.0001 vs. CT) (Figure 2E), demonstrating the potential link between moderate and severe energy deficit and decrease in Cort.Th. The results of bone marrow adiposity (BMA) showed a high heterogeneity of the samples in each group. Only the SBA 12% group exhibited a tendency of BMA decrease by 82% (p<0.1, Figure 2F).




Figure 2 | The results of micro-CT analysis of tibia, showing different bone parameters after exposure to 10 weeks of SBA protocols at different levels of severity. (A) Bone volume fraction (BV/TV) was expressed as a percentage on mineralized tissue in each condition after 10 weeks; (B–E) Trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular spacing (Tb.Sp), and cortical thickness (Cort.Th), respectively, were evaluated for each animal and each condition after 10 weeks of SBA protocol (expressed in millimetres); (F) Bone marrow adiposity (BMA) was calculated as a percentage of BMAT volume in marrow volume. Data represent median and interquartile range; n = 6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa - p < 0.005 and aaa - p < 0.0005 when compared to the CT group (b – when compared to the SBA 0% group).





SBA Protocol Resulted in Rapid Adipogenesis of BMSCs and Weight Loss Conditions Were Associated With a Decrease in Lipid Unsaturation Levels

Throughout the co-differentiation experiment, cells extracted from SBA and control mice were observed under light microscopy. BMSCs extracted from CT mice started to form lipid droplets after the 7th day of co-differentiation. Cells extracted from SBA mice (0%, 12%, 18%, and 24%) showed the first appearance of lipid droplets much faster, after the 3rd day of co-differentiation (Figure 3). This finding suggests that the SBA protocol induces in vivo changes in BMSC commitment and that these cells are potentially committed to differentiating into adipocytes. After qualitative study (microscopic observations) of adipocytes on Day 10 of differentiation, BMSCs extracted from the SBA 12%, 18%, and 24% groups globally seemed to generate more numerous and larger adipocytes compared to the CT or SBA 0% groups (Figure 3). Additionally, Raman spectroscopy analysis was performed to characterize more of the adipocytes from different groups. The lipid unsaturation levels in the SBA 12%, 18%, and 24% groups were significantly lower than those in the SBA 0% group, showing that the severity of energy deficit can lead to a decrease in lipid unsaturation levels (Supplementary Figure 1).




Figure 3 | Overview of adipocyte first appearance and size. A. Light microscope images of cells from each condition were taken on different points of differentiation showing the first appearance of lipid droplets and adipocytes at day 10.





Only SBA 18% and 24% Protocols Resulted in an Increase in Adipogenesis and Subsequent Decrease in Osteoblastogenesis

To confirm the commitment of BMSCs to the adipocyte lineage, the mRNA levels of adipocytic markers in the SBA and CT groups were analyzed. The marker gene relative mRNA level was measured 48 hours after plating (adherent cells) and at day 14 of co-differentiation. This culture duration was chosen because of its brevity, which minimized the time for cells to change after leaving the in vivo state. Interestingly, after 48 hours of adhesion in a standard medium, the unstimulated BMSCs from mice of SBA 24% protocols already exhibited high levels of peroxisome proliferator-activated receptor gamma 2 (Pparg2) mRNA (+125% vs CT) (Figure 4A), showing a potential commitment to adipogenic differentiation prior to co-differentiation stimulation and thus probably in vivo. The SBA 0% group showed similar expression level of Pparg2 to CT and SBA 12% and 24% conditions, also showed significant increase in Pparg2 relative mRNA level vs. SBA 0%. Furthermore, Pparg2 mRNA levels were similarly enhanced after 14 days of co-differentiation in severe weight loss group (SBA 24%: +236% vs. CT) (Figure 4B). Additionally, the SBA 18% group demonstrated the highest upregulation of Pparg2 (+ 285%vs. CT and vs. SBA 0%) (Figure 4B). Other marker genes characterizing cell commitment to adipogenic differentiation (leptin (Lep) and facilitated glucose transporter member 4 (Glut4)) exhibited an increase in the moderate and severe weight loss groups (SBA 18% - Lep +1292% vs CT, Glut4 +807% vs. CT; SBA 24% - Lep +1864% vs. CT) (Figures 4C, E). The adiponectin (Adipoq) mRNA level was found to be upregulated only in the SBA 18% group (+53% vs. SBA 0%) (Figure 4D). However, the 12% weight loss condition displayed the lowest mRNA level of Adipoq (Figure 4D).




Figure 4 | 10-week SBA protocol induced an increase in adipogenesis. (A, B) Relative mRNA expression level of early adipogenic marker gene (Pparg2) in CT and SBA groups (0%, 12%, 18%, 24%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively; (C-E) Relative mRNA expression level of other adipogenic marker genes (Lep, Adipoq, and Glut4, respectively) in CT and SBA groups (0%, 12%, 18%, 24%) after exposure to co-differentiation media during 14 days. Data represent median and interquartile range; n=6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa - p < 0.005 and aaa - p < 0.0005 when compared to the CT group (b – when compared to the SBA 0% group; c – when compared to SBA 12% group). Peroxisome proliferator-activated receptor gamma 2 (Pparg2), leptin (Lep), adiponectin (Adipoq), facilitated glucose transporter member 4 (Glut4).



In our study, we wanted to determine whether the severity of SBA causes an imbalance in BMSC lineage commitment and whether upregulation of adipogenesis is achieved at the expense of osteoblastogenesis. Thus, after 14 days of co-differentiation, the mineralization level of CT and SBA cells was studied by quantifying the calcium to protein ratio. The results demonstrated a strong alteration of mineralization capabilities in moderate and severe weight loss SBA conditions (18% and 24%, on average -82% vs. CT) (Figure 5A). However, this trend was not significant. Only 18% weigh loss condition exhibited significant decrease in mineralization vs. SBA 0%. The mRNA level analysis showed that the early marker of osteoblastogenesis [runt-related transcription factor 2 (Runx2)] was significantly reduced in severe weight loss condition (SBA 24% -55% vs. CT) 48 hours after cell plating in standard media and after 14 days in co-differentiation medium both moderate and severe conditions induced changes in Runx2 mRNA level (SBA 18% -75% vs. CT; SBA 24% -70% vs. CT) (Figures 5B, C). Interestingly, further study of other markers of osteoblastogenesis [collagen1A1 (Col1a1), osteocalcin (Bglap) and osterix (Sp7)] at the end of co-differentiation revealed a reduction in mRNA levels only in the moderate and severe weight loss groups (Col1a1 - SBA 18% -77% vs SBA 0%, SBA 24% -83% vs. SBA 12%; Bglap - SBA 18% -73%, SBA 24% -72% vs. CT; Sp7 - SBA 18% -81%, SBA 24% -77% vs. CT) (Figures 5D–F). Moreover, the results suggest that an increase in adipogenesis occurs at the expense of osteoblastogenesis and that BMSCs extracted from SBA mice are apparently more committed to adipogenic lineage.




Figure 5 | 10-week SBA protocol induced a decrease in osteoblastogenesis. (A) Mineralization level of CT and SBA groups (0%, 12%, 18%, 24%) quantified by measuring the calcium to protein ratio; (B, C) Relative mRNA expression level of early osteoblastogenic marker gene (Runx2) in CT and SBA groups (0%, 12%, 18%, 24%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively; (D-F) Relative mRNA expression level of other osteoblastogenic marker genes (Sp7, Col1a1, and Bglap, respectively) in CT and SBA groups (0%, 12%, 18%, 24%) after exposure to co-differentiation media for 14 days. Data represent median and interquartile range; Mineralisation study n = 4, qPCR n = 6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa - p < 0.005 when compared to the CT group (b – when compared to the SBA 0% group; c – when compared to SBA 12% group). Runt-related transcription factor 2 (Runx2), osterix (Sp7), collagen1a1 (Col1a1), osteocalcin (Bglap). Sirt1 is sustainably decreased in BMSCs from SBA mice (18% and 24%).



Recently, we demonstrated that the 18% SBA protocol favors BMSC lineage commitment towards adipogenesis and a decrease in Sirt1 level and activity, a potential regulator of BMSC differentiation (26). In the present study, we examined the impact of weight loss severity on the expression level of Sirt1 mRNA. The results of the SBA 18% protocol showed a 67% decrease (vs. CT) in Sirt1 mRNA in BMSCs after 48 hours of adhesion in growth media and a 75% decrease (vs. CT) after 14 days of co-differentiation (Figure 6). This finding confirmed our previously published data. Additionally, the Sirt1 mRNA level was significantly altered in the 24% groups (-60% vs. CT) after 48 hours of adhesion and after 14 days of co-differentiation (-68% vs. CT) (Figure 6). So, decrease in Sirt1 mRNA levels under moderate and severe weight loss conditions could be associated with an increase in adipogenic mRNA markers and a subsequent downregulation of osteoblastogenesis in BMSCs.




Figure 6 | 10-week SBA protocol induced a suppression of SIRT1 mRNA level. (A, B) Relative mRNA expression level of sirtuin type 1 (Sirt1) in CT and SBA groups (0%, 12%, 18%, 24%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively. Data represent median and interquartile range; n = 6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa - p < 0.005 when compared to the CT group (b – when compared to the SBA 0% group).





The 4-Week SBA Protocol Induced a Significant Decrease in Mouse Body Weight (18%) and Was Shown to Cause Changes Only in Fat Mass and Trabecular Thickness

Long-term SBA protocols (10-week duration) have been shown to induce changes in mouse BMSC differentiation capacity; however, we were interested in the duration of energy deficit affecting the mouse bone composition and BMSC differentiation capacity. Therefore, we conducted a 4-week SBA protocol. In the 10-week study detailed above, the SBA 18% group exhibited alterations in bone parameters and in BMSC differentiation capacity, confirming the hypothesis that adipogenesis is upregulated in these cells at the expense of osteoblastogenesis. Based on these findings, we compared CT mice with 18% weight loss mice after exposure to the SBA protocol for 4 weeks.

The mouse body weight showed a significant decrease in percentage body weight loss in the SBA 18% group vs. CT (Figure 7A). After the study of body composition, it was concluded that the 4-week SBA protocol induced alterations in mouse fat absolute mass (-50% vs. CT), with no change in BMC or lean absolute mass (Figure 7). However, the significant decrease in fat % of total mouse weight was accompanied with significant increase in lean % mass (Figures 7C, E).




Figure 7 | Body mass, BMC, fat and lean mass in mice after 4 weeks of SBA protocol. The body weight and composition analysis were performed on standard condition (CT) and weight loss group (SBA 18%). (A) Graph represents a percentage body weight loss on mice between day 0 and 4 weeks of SBA protocol; (B, C) Fat mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol; (D, E) Lean mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol; (F-H) Study of total mouse body mineral content (BMC), femur BMC and vertebra (L3-L5) BMC, respectively, evaluated for each animal and each condition after 4 weeks of SBA protocol. Data represent median and interquartile range; n = 5. Statistical analysis was performed using Mann–Whitney’s test; a - p < 0.05, aa - p < 0.005, when compared to the CT group.



Furthermore, the bone microarchitecture results showed that the short SBA protocol induced changes in Tb.Th (-16% vs. CT) (Figure 7B) to a similar extent as the 10-week 18% weight loss protocol (Figure 2B). The 4-week SBA protocol also had no effect on BV/TV, Tb.N and Tb.Sp (Figures 8A, B, D), similar to SBA 18% group in 10-week protocol (Figure 2). However, in contrast with 10-week protocol, short duration of SBA had no effect on Cort.Th (Figure 8E). Additionally, bone marrow adiposity was not affected by the 4-week SBA protocol (Figure 8F). Thus, the 4-week protocol was not enough to induce changes in cortical bone microarchitecture, unlike the 10-week protocol.




Figure 8 | The results of micro-CT analysis of tibia, showing different bone parameters after exposure to 4 weeks of SBA protocol. (A) Bone volume fraction (BV/TV) was expressed as a percentage on mineralized tissue in each condition after 4 weeks; (B-E) Trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular spacing (Tb.Sp), and cortical thickness (Cort.Th), respectively, were evaluated for each animal and each condition after 4 weeks of SBA protocol (expressed in millimetres); (F) Bone marrow adiposity (BMA) was calculated as a percentage of BMAT in marrow volume. Data represent median and interquartile range; n = 5. Statistical analysis was performed using Mann–Whitney’s test. In C, aa - p < 0.005 when compared to CT group.





Reduced Length of SBA Protocol Did Not Result in Alterations of BMSC Differentiation Capacity or Changes in Sirt1 Expression

After BMSCs were extracted from bone marrow and co-differentiation was induced, the cells were studied under a light microscope. Images showed that the first appearance of lipid droplets took place on the 7th day of co-differentiation in both the CT and SBA 18% groups (Figure 9A). Additionally, after 10 days of differentiation, there was no difference observed in the accumulation of adipocytes in SBA 18% vs. CT (Figure 9A). Therefore, the 4-week SBA protocol did not induce a shift of BMSCs towards adipocyte differentiation, as suggested by the results of the 10-week experiments. Similarly, it did not induce changes in lipid accumulation capacities. Raman spectroscopy showed no difference in lipid unsaturation levels between the control and SBA 18% groups (Supplementary Figure 2). Similar to the 10-week SBA study, we analyzed the relative mRNA levels of adipogenic/osteoblastogenic genes in extracted BMSCs. The results of the early adipogenic marker gene (Pparg2) showed that after 48 hours of proliferation in standard growth media, BMSCs extracted from SBA 18% mice had significantly increased expression levels (+350% vs. CT) (Figure 9B). However, this upregulation of Pparg2 expression was not long term and after 14 days of co-differentiation, there was no significant difference observed between the two conditions (Figure 9C). The analysis of late adipogenic marker genes (Lep, Adipoq, Plin1) demonstrated no change in the SBA 18% group compared to the CT group after 14 days of co-differentiation (Figures 9D–F).




Figure 9 | Study of adipocyte first appearance, size and adipogenic gene expression in BMSCs. (A) Light microscopic images of cells from each condition were taken at different time points of co-differentiation showing the first appearance of lipid droplets (day 7) and adipocytes at Day 10; (B, C) Relative mRNA expression level of early adipogenic marker gene (Pparg2) in CT and SBA (18%) groups, cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively; (D–F) Relative mRNA expression level of other adipogenic marker genes (leptin, adiponectin, and perilipin, respectively) in CT and SBA groups (18%) after exposure to co-differentiation media for 14 days. Data represents median and interquartile range; n = 5. Statistical analysis was performed using Mann–Whitney’s test. In (B), a - p < 0.05 when compared to CT group. Peroxisome proliferator-activated receptor gamma 2 (Pparg2), leptin (Lep), adiponectin (Adipoq), perilipin (Plin1).



The next step was to determine the expression level of osteoblastic marker genes in the CT and SBA 18% groups. The early osteoblastogenic marker (Runx2) was not affected by 4 weeks of CR after 48 hours of incubation in proliferation media or after 14 days of exposure to co-differentiation media (Figures 10A, B). Moreover, other osteoblastogenic marker genes (Col1a1, Sp7 and Bglap) were also not altered by the short-term SBA protocol (Figures 10C–E). The results of this study suggest that the 4-week protocol does not induce alterations in BMSC differentiation capacity.




Figure 10 | 4-week SBA protocol did not induce changes in osteoblastogenesis. (A, B) Relative mRNA expression level of early osteoblastogenic marker gene (RUNX2) in CT and SBA groups (18%), respectively, cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively; (C-E) Relative mRNA expression level of other osteoblastogenic marker genes (osterix, collagen1, and osteocalcin, respectively) in CT and SBA (18%) groups after exposure to co-differentiation media for 14 days. Data represent median and interquartile range; n = 5. Statistical analysis was performed using Mann–Whitney’s test. Runt-related transcription factor 2 (Runx2), osterix (Sp7), collagen1a1 (Col1a1), osteocalcin (Bglap).



To confirm the association between Sirt1 expression and BMSC lineage commitment, we examined relative mRNA levels in the 4-week SBA 18% group vs. the CT group. The findings showed that the expression of Sirt1 was not affected by the short SBA protocol, further suggesting its involvement in BMSC fate decisions (Figure 11).




Figure 11 | 4-week SBA protocol induced no change in Sirt1 expression. (A, B) Relative mRNA expression level of sirtuin type 1 (Sirt1) in CT and SBA groups (18%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively. Data represent median and interquartile range; n = 5. Statistical analysis was performed using Mann–Whitney’s test.






Discussion


Ten Weeks of 18% and 24% Body Weight Loss Induce an Alteration of Bone Mineral Content Without Increase in Bone Marrow Adiposity

We recently demonstrated that a long-term energy deficit characterized by a moderate weight loss (18%) in mice is associated with bone loss and an increase in BMA (26). In this study, we sought to determine the impact of a different degree of severity on bone architecture, BMA, and then to identify the potential molecular mechanisms involved in BMA regulation in this context. The mice were exposed for 10 weeks to a separation-induced increase in energy expenditure and a time-restricted feeding that prevented compensatory feeding and resulted in significant weight loss (SBA) (27). Results of mice body parameters showed similar fat mass decrease in all SBA groups compared to the control group. The 12%, 18%, and 24% groups displayed a decrease in BMC at least in femur. These results suggest that a significant weight loss over a long period of time (10 weeks) is required to induce changes in mineralized bone (Figure 1). Moreover, these bone changes are not directly related to fat mass because they are not shown in the 0% group. This was already shown in adult male mice by Mitchell et al. (33). They demonstrated that different levels of CR 10%, 20%, 30%, and 40% in male mice induced body weight losses of around 0%, 11%, 22%, and 28%, respectively after 12 weeks (33). These weight changes were associated to fat mass decrease of approximately 12% for 10% CR and 30 to 35% for the other groups. In this study, no significant changes in BMC, trabecular bone microarchitecture, and cortical bone were detected. Unfortunately, BMA was not determined. The conflicting results on bone in the present study and that of Mitchell could be due to sex, age, and protocol differences. Furthermore, Mitchell’s study also showed the lack of relationship between fat mass decrease and bone in energy deficit experiment.

Previously, we showed that the SBA protocol of 18% weight loss results in an increase in BMA (26). Interestingly, in the current study, BMA appeared to be altered only in one weight loss condition. BMA displayed a decrease (not significant) in SBA mice with a light weight loss (12%) (Figure 2F). Firstly, the apparent discrepancy between the two studies could be explained by the fact that we observed a high heterogeneity in BMA among mice of the same group. Secondly, in the first study, BMA was assessed using histological (2D) approaches with slices focused on a specific area of the proximal tibia and with a specific orientation, while this study used 3D assessment on a larger volume including the area analyzed in the previous study. So, the increase observed in a specific area and the lack of significant changes observed on the large volume suggest that very localized changes could occur in the density of adipocytes in the marrow. Various studies demonstrated an increase in BMA associated with bone alteration in anorexic patients (9, 10, 13). In rodent, models of food or calorie restriction demonstrated that 9 weeks of a 30% restriction on food in 3-week-old male mice induced low BV/TV (-11%), Cort.Th (-27%), and body weight (-40%), which were accompanied with high BMA (700%) compared to CT mice (34). Also, it has been shown that 6 weeks of a 30% calorie-restricted diet in 9-week-old female mice induced an increase in tibia BMA (700%) compared to that in the ad libitum group (35). Interestingly, in these two studies, the high increase in BMA was associated with a body weight increase of 80% vs. day 0 (34) or a final body weight similar to that of day 0 of the experiment (35). The difference in our BMA results compared to these two studies (34, 35) may be explained by the fact that we used young adult female mice, while the first one investigated growing male mice (34) and by the difference in body weight loss relative to that on day 0 (33, 34). In addition, it is reported that an extensive CR in rabbits can cause a loss of BMAT (34). A similar finding has been observed with severe anorexic patients (36). Thus, the sex of animals and level of body weight loss may strongly affect BMA. In contrast, a calorie restriction protocol (low carbohydrate feeding) for 12 weeks on 6-month-old Sprague–Dawley female rats, demonstrated that restricted rats displayed body weight loss (20% vs. day 0 and 25% vs. CT rats), a low volumetric BMD at the proximal tibia (-14%) and only a two-fold increase in BMA measured at the distal femur (37). More recently, male Sprague–Dawley rats (8 months old) exposed to 40% calorie restriction during 12 months, displayed 40% body weight loss vs. CT rats, which resulted in a decrease in the bone mineral index (30% vs. CT rats) and an increase in BMA at the proximal tibia (20% vs. CT rats) (38). Conversely, 10 weeks of CR in 14-week-old male mice led to a body weight loss of 30% (relative to CT mice) and a total disappearance of bone marrow adipocytes in the distal femur (34). Altogether, these data suggest that restriction-induced changes in BMA and bone quality may be modulated by severity of protocol, body weight loss, age, sex, and duration of restriction.



Ten Weeks of 18% and 24% Body Weight Loss Induce an Imbalance Between Osteoblastogenesis and Adipogenesis

Due to the fact that, in the current study, bone alterations were not associated to a high BMA, we hypothesised that the commitment of BMSCs towards the adipogenic pathway could impact bone mass even if adipocytes are not able to reach a mature state. Therefore, it was important to study BMSC differentiation to obtain a more precise understanding of the cell commitment towards the adipogenic or osteoblastogenic pathway.

Given that osteoblasts and adipocytes are derived from a common mesenchymal progenitor, skeletal stem cells (39, 40), we tested the hypothesis that the degree of severity of body weight loss could impact the differentiation capacity of BMSCs extracted from SBA mice. After just 48 hours of adhesion in a standard proliferative medium, the unstimulated BMSCs from SBA mice with body weight loss (12%, 18%, and 24%) exhibited high levels of Pparg2 mRNA even if not significantly for the 18% group (Figure 4A). This finding suggests that extracted BMSCs display commitment to the adipocytic lineage. As shown in Figures 3 and 4, SBA weight loss protocols enhance BMSC adipogenesis in vitro, especially for SBA 18% and 24% groups. The mRNA level of adiponectin was dramatically decreased in SBA mice with light weight loss (12%) and this finding could be associated with a significant decrease in BMA under the same weight loss conditions. Significant loss of mature adipocytes in vivo could potentially affect the level of adiponectin production and Adipoq mRNA levels (41). Raman spectroscopy analysis (Supplementary Figure 1) further revealed that SBA protocol results in a decrease of unsaturated lipids ratio in BMSC-derived adipocytes. This suggests that energy deficit induces a long-lasting alteration of lipid quality regardless the level of body weight loss. Our analysis of osteoblastogenesis in BMSCs (Figure 5) suggests that only 18% and 24% weight loss groups induce significant and long-lasting changes in osteoblastogenesis in vitro.

Findings above led us to conclude that there potentially exists a preferential commitment of BMSCs extracted from SBA mice to the adipogenic pathway. Results show that adipogenesis and osteoblastogenesis seem to be affected by the severity of energy deficit and that at least an 18% weight loss is required to observe these alterations.



Sirt1 Is Sustainably Altered in BMSCs From 18% and 24% Groups at 10 Weeks

To determine the potential molecular mechanism involved in the regulation of BMSC differentiation in SBA mice, the relative mRNA level of Sirt1 was measured. Indeed, we recently demonstrated that 18% weight loss in mice is associated with the downregulation of the expression and activity of Sirt1 and further, possibly leads to an increase in adipogenesis at the expense of osteoblastogenesis (26). In the current study, we hypothesised that Sirt1 could be altered by the degree of severity of energy deficit, leading to an imbalance between osteoblastogenesis and adipogenesis. It is important to note that Sirt1 is widely known for its pro-osteoblastic and anti-adipogenic effects (18–23). Indeed, in vivo activation of Sirt1 restores bone mass, structure, and biomechanical properties in ovariectomised female mice (42) and it protects against age-associated bone loss in male mice (43). In vitro studies demonstrated that activation of Sirt1 promotes osteoblastogenic differentiation at the expense of adipogenesis (18–21). Interestingly, our results demonstrated that BMSCs from SBA mice with moderate and severe weight loss (18% and 24%) presented a substantial low Sirt1 mRNA level after 48 hours of culture and after 14 days of co-differentiation (Figure 6). These findings suggest that the decrease in Sirt1 expression could be responsible for the observed increase in adipogenesis at the expense of osteoblastogenesis in these two groups.

Other studies have shown that CR can stimulate the expression and activity of Sirt1 in various mammalian tissues, such as the liver or white adipose tissue (24, 25). It was also shown that CR decreases the mRNA level of Sirt1 in the cerebellum and midbrain (44), suggesting tissue-dependent regulation of the expression. More recently, in contrast to our study, it was demonstrated that 12 months of 40% calorie restriction of male Sprague–Dawley rats (8 months old) induced an upregulation in protein expression of Sirt1 in bone marrow fat compared to that in ad libitum animals (38). This discrepancy between our results and others from Cohen et al. (24) and (38) could be explained by changes in calorie or food restriction protocols, mouse strain or species, age, and sex. Indeed, twelve-month-old male rats were used in Cohen et al. studies and calorie restriction involved a daily food allotment of 60% of that eaten by the ad libitum animals immediately after weaning (24). In our study, eight-week-old female C57BL/6J mice were submitted to the 10-week SBA protocol. Furthermore, the weight loss of mice in each protocol of calorie restriction could also explain this discrepancy. Indeed, contrary to our protocol, which induces 12%, 18%, and 24% weight loss in mice, there is no information on weight loss in the study by Cohen et al. (24) and there was a 40% lower weight (vs CT) in the study by Duque et al. (38). Thus, the loss of Sirt1 seems to be closely associated to bone and BMSCs alterations and could explain the strong and long-lasting commitment of BMSCs towards the adipogenic pathway in SBA mice.

In our study, 18% is considered moderate weight loss, which is associated with a decrease in all parameters of body composition (low fat mass, tendency to low lean mass, low total body BMC, low femur and lumbar spine BMC) and cortical bone thickness. Furthermore, only in this weight loss category we found an upregulation of most of the adipocyte markers analyzed (Pparg2, Lep, and Glut4) and a downregulation of most of the osteoblast markers analyzed (Runx2, Sp7, and Bglap). In addition, this weight loss group displayed a strong decrease in Sirt1 mRNA level. Considering these results, the rest of the study was dedicated to focusing on SBA 18% and investigating the effect of a short duration of SBA protocol (4 weeks) on body composition, bone architecture, BMA, BMSC differentiation and Sirt1 expression.



A Short Duration of Moderate Weight Loss Did Not Affect Bone Architecture, BMA, BMSC Differentiation or Sirt1 Expression

Four weeks of the SBA protocol induced only a decrease in fat mass (Figure 7B) and Tb.Th (Figure 8B) without affecting the other parameters of bone architecture and BMA (Figure 8). Selective change in Tb.Th does not seem to be associated with an overall bone alteration. Moreover, this short duration did not impact BMSC differentiation towards adipogenic lineage or osteoblastogenic lineage nor did it affect the unsaturation ratio of lipid droplets (Figures 9–11, Supplementary Figure 2). Interestingly, this lack of effects on bone and BMSCs differentiation is associated with a lack of effects on Sirt1 mRNA level. This strengthens the hypothesis of a direct involvement of Sirt1 alteration on BMSCs fate decision and bone. Altogether, these results suggest that in addition to the degree of severity, the duration of energy deficit could play an important role in regulating bone architecture, BMA, and BMSC differentiation, which requires long-term protocols to be altered. This line of inquiry will be required in the future to determine when the first alterations in bone, BMA, and Sirt1 expression can occur in our SBA model.




Conclusion

The present study demonstrated, for the first time, the impact of severity and length of energy deficit on bone and BMSCs differentiation capacity. The data from two groups (moderate and severe weight loss) support the hypothesis that there is a link between decrease in Sirt1 mRNA levels and alterations in bone and BMSCs differentiation capacity. A comparison of the 10-week SBA protocol to the 4-week SBA protocol strengthen this hypothesis. Finally, bone alterations appear to be totally disconnected from BMA changes in this model, probably because the increase in the number of BM pre-adipocytes, which takes place at the expense of osteoblastogenesis and does not result in an increase in mature adipocytes.

In vivo changes in BMSCs engagement in the adipogenic pathway remain to be specified using FACS analysis. Furthermore, the molecular mechanisms responsible for Sirt1 long lasting downregulation will be explored through the RNA sequencing approach.
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The bone marrow adipose tissue constitutes more than two-thirds of the bone marrow volume in adult life and is known to have unique metabolic and functional properties. In neoplastic disorders, bone marrow adipocytes (BMAds) contribute to create a favorable microenvironment to survival and proliferation of cancer cells. Many studies explored the molecular crosstalk between BMAds and neoplastic cells, predominantly in ex-vivo experimental systems or in animal models. However, little is known on the features of BMAds in the human neoplastic marrow. The aim of our study was to analyze the in situ changes in morphology and immunophenotype of BMAds in two different types of neoplastic marrow conditions. We selected a series of archival iliac crest and vertebral bone biopsies from patients with bone marrow metastasis (MET), patients with myeloproliferative neoplasia with grade-3 myelofibrosis (MPN-MF) and age-matched controls (CTR). We observed a significant reduction in the number of BMAds in MET and MPN-MF compared to CTR. Accordingly, in the same groups, we also detected a significant reduction in the mean cell diameter and area. Immunolocalization of different adipocyte markers showed that, compared to CTR, in both MET and MPN-MF the percentages of adiponectin- and phosphorylated hormone sensitive lipase-positive BMAds were significantly reduced and increased respectively. No statistically significant difference was found between MET and MPN-MF. Interestingly, in one MET sample, “remodeled” BMAds containing a large lipid vacuole and multiple, smaller and polarized lipid droplets were identified. In conclusion, our data show that in different types of marrow cancers, BMAds undergo significant quantitative and qualitative changes, which need to be further investigated in future studies.
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Introduction

The bone marrow adipose tissue (BMAT) (1) constitutes more than two-thirds of the bone marrow (BM) volume in adult life (2, 3). It is comprised of cells, BM adipocytes (BMAds), that bear a single, large cytoplasmic lipid droplet and express adipose-lineage markers such as fatty acid binding proteins, leptin, adiponectin and others (4). BMAds appear at birth in the extravascular marrow space to contribute to the three-dimensional stromal cell network that holds hematopoietic cells, and progressively expand during skeletal growth in parallel with the centripetal retraction of the hematopoiesis (Neumann’s law) (5). Based on this inverse relationship with the hematopoietic tissue, BMAds have long been thought as white fat cells with a simple supporting/filling function. However, it is now widely recognized that BMAds represent a distinct fat depot with metabolic and functional properties that are different from those of the other human fat tissues (6). In addition, it is now well known that BMAds participate in the regulation of skeletal homeostasis, in systemic metabolism and in the pathogenesis of different bone and BM diseases (4, 7).

Over the last years, the potential pathogenetic role of BMAds and its molecular bases have been intensively investigated in marrow neoplastic conditions such as hematological malignancies and cancer metastasis. Thus, it has been shown that BMAds are able to modulate the migration and aggressiveness of neoplastic cells (8), to sustain their growth (9) and, in some cases, to promote their survival during therapy (10, 11). These effects are achieved by multiple mechanisms such as the generation and transfer of fatty acids (9) and the secretion of different types of adipokines (4). On the other side, it has also been reported that tumor cells are able to harness the metabolic and biological functions of BMAds to generate a microenvironment that promotes their own growth. The tumor-dependent modifications of BMAds reported so far include the stimulation of a lipolytic state (9), the increased expression of lipid transporter genes (9) and the induction of a senescence-associated secretory phenotype (12). However, although these studies have significantly expanded the knowledge on the molecular crosstalk between BMAds and neoplastic cells, they have been performed predominantly in ex-vivo experimental systems or in animal models thus providing little, if any, information on the in situ features of BMAds in the human neoplastic BM.

In this study, we have analyzed the number, morphology and phenotype of BMAds in archival bone biopsies obtained from patients with marrow metastasis, either from epithelial and non-epithelial tumors, and myeloproliferative neoplasms featuring grade-3 myelofibrosis. We selected BM metastasis since in situ features of BMAds in this condition have never been investigated. The samples of chronic myeloproliferative neoplasms were chosen based on the absence of data on the in situ immunophenotype of BMAds in these haematological malignancies. In order to generate a homogenous experimental group, the latter samples were selected based on the presence of myelofibrosis, which is frequently found in patients with chronic myeloproliferative neoplasms. We report that BMAds in the neoplastic marrow samples were characterized by altered histomorphometric and immunophenotypic features that might reflect their tumor-promoting activity.



Materials and Methods


Bone Biopsies

Human trephine BM biopsies with either BM metastasis (MET) or myeloproliferative neoplasms with grade-3 myelofibrosis (MPN-MF) performed between 2012 and 2020 were retrospectively identified in the archive of the Section of Pathology of the Policlinico Umberto I Hospital of Rome, Italy.

The MET group was composed of 8 patients (7 females and 1 male, median age 55 years, range 27-73 years), affected by breast carcinoma (four patients, two with infiltrating ductal carcinoma, one with infiltrating lobular carcinoma and one undefined), signet-ring cell carcinoma of the stomach (one patient), high-grade neuroendocrine carcinoma and undifferentiated carcinoma of unknown origin (one patient each) and malignant glioma (one patient). In the last patient the sample was obtained from vertebral BM. The quantitative data obtained from the analysis of this sample have been considered within the MET group as iliac crest and vertebrae are both axial hematopoietic (red) marrow sites (5). The MPN-MF group included 8 patients (6 females and 2 males, median age of 58.5 years, range 39-81 years). Iliac crest biopsies performed for lymphoproliferative disease staging in the same period of time in eight patients (6 females and 2 males, median age 52.5 years, range 41-68 years) with no evidence of BM involvement by either neoplasia or other pathologies were also selected in the same archive and used as control (CTR) group. The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board (Department of Molecular Medicine, Sapienza University of Rome, Italy, 17/02/2022). Written informed consent was not deemed necessary owing to the retrospective nature of the study.



Histology and Immunohistochemistry

Biopsies were fixed in 4% phosphate-buffered formaldehyde and routinely processed for paraffin embedding after decalcification with ethylenediaminetetraacetic acid in disodium salt acid buffer (Osteodec, Bio-Optica, Milan, Italy). For diagnostic purpose, the slides were examined by two of the authors. For this study, 4µm thick tissue sections were re-cut from each paraffin block and used for haematoxylin-eosin (HE) stain and for immunohistochemistry. Immunohistochemical analysis was performed in a blinded fashion as described previously (13, 14). The following primary antibodies diluted in phosphate buffer were used: polyclonal anti-human perilipin-1 (PLIN1) (Abcam, Cambridge, UK, ab3526, 1:500); polyclonal anti-human fatty acid binding protein 4 (FABP4) (Abcam, ab13979, 1:200); monoclonal anti-human adiponectin (ADIPOQ) (InVitrogen, Carlsbad, CA, USA, MA1-054, 1:50); polyclonal anti-human phosphorylated-hormone sensitive lipase antibody (p-HSL) (InVitrogen, PA5-38087, 1:100). Primary antibodies were omitted in negative technical controls. The color reaction was developed using 3,3’-diaminobenzidine tetrahydrochloride (DAB, Sigma, St- Louis, MO) as substrate.



Histomorphometry

Histomorphometric analysis was performed in a blinded fashion and according to the guidelines of the Bone Marrow Adiposity Society (1, 15). HE-stained and immunostained sections were scanned via Aperio Scan Scope CS (Leica Biosystem Imaging, Nußloch, Baden-Wurttemberg, Germany) and analyzed using ImageJ (16). For each scanned section, 10 snapshots were taken at 20x magnification from the central portion of the trephine biopsies. The region of interest (ROI) ranged from 1.35 mm2 to 1.93 mm2. Bone trabeculae, areas of hemorrhages, harvesting or processing tissue damage artifacts were excluded. Marrow area (Ma.Ar), number of BMAds per marrow area (N.Ad/Ma.Ar), maximum diameter (Ad.Dm) and area (Ad.Ar) of individual BMAds were measured on HE-stained sections. Immunostained pictures were used to calculate the fraction of immunoreactive BMAds on the total number of adipocytes by ImageJ plugin Cell Counter.



Statistical Analysis

Ordinary one-way ANOVA test with Tukey’s multiple comparison test was performed by GraphPad Prism 8.0.2 software. A p-value less than 0.05 was considered statistically significant.




Results


BMAd Number and Size Reduction in Marrow Metastasis and Myeloproliferative Neoplasia

The microscopic review of all bone biopsies confirmed the presence of normal haematopoiesis in the CTR group (Figure 1A); non-hematological neoplastic cells were observed in the MET group (Figure 1B), while atypical hematopoietic cells separated by fibrous bundles were present in the MPN-MF biopsies (Figure 1C).




Figure 1 | Representative histologic images of CTR (A), MET (B) and MPN-MF (C) bone biopsies. Histomorphometric analysis of BMAds number (D, N.Ad/Ma.Ar), diameter (E, Ad.Dm) and area (F, Ad.Ar). Frequency distribution curves of BMAds diameter and area are illustrated in (G, H), respectively. Scale bar: 100 µm. In (D–F): *p < 0.05, ***p < 0.001; In (G, H): CTR vs MET: **p < 0.01, ***p < 0.001, ****p < 0.0001; CTR vs MPN-MF: #p < 0.05 and ##p < 0.01, ###p < 0.001; MET vs MPN-MF: ‡‡p < 0.01 .



The comparative analysis of the adipocyte number in the different groups revealed a significant reduction in the two neoplastic conditions compared to the control biopsies (CTR vs MET p = 0.0004; CTR vs MPN-MF p = 0.001) (Figure 1D). Moreover, histomorphometric analysis demonstrated a statistically significant reduction in the adipocyte diameter (CTR vs MET p = 0.017 and CTR vs MPN-MF p = 0.013) and area (CTR vs MET p = 0.0003, CTR vs MPN-MF p = 0.0104) in the neoplastic samples compared to the controls (Figures 1E, F). In contrast, no difference between the two neoplastic conditions was observed for adipocyte number, diameter and area (Figures 1D–G), although the frequency distribution of adipocyte area revealed a higher frequency of smaller adipocytes in the MET group (Figures 1B, H). These data indicate that marrow metastasis, from epithelial and non-epithelial tumors, and myeloproliferative neoplasms featuring grade-3 myelofibrosis, are associated with a significant reduction in the number of adipocytes and with an increase in small adipocytes.



BMAd Immunophenotypic Changes in Marrow Metastasis and Myeloproliferative Neoplasia

We performed immunohistochemistry to compare the fractions of BMAds marked by the presence of PLIN1, FABP4, ADIPOQ and p-HSL in the different experimental groups.

The percentage of PLIN1-positive BMAds was not significantly different among the three groups (Figures 2A–D, Q). Similarly, the percentage of FABP4-positive BMAds was not significantly different among the three groups even though a trend towards reduction was observed in the neoplastic samples (CTR vs MET p = 0.0903; CTR vs MPN-MF p = 0.0638) (Figures 2E–H, R).




Figure 2 | Representative images of PLIN1-, FABP4-, ADIPOQ- and p-HSL-immunostained sections from CTR (A, E, I, M), MET (B, F, J, N) and MPN-MF (C, G, K, O) bone biopsies. The right panels of each image illustrate the zoomed boxed area. Scale bars: 50 µm. Graphs in (D, H, L, P) represent the quantitative analysis of each immunostaining. Negative technical controls in which primary antibodies were omitted are shown in panels (Q–T). *p < 0.05, **p < 0.01; ***p < 0.001.



Interestingly, the number of BMAds expressing ADIPOQ was significantly reduced both in MET (p = 0.0032) and MPN-MF (p = 0.0136) compared to CTR (Figures 2I–L, S). Since AdipoQ has been reported to enhance adipocyte lipid storage (17, 18), this result may suggest a reduction of this process in BM involved by neoplasia. pHSL immunostaining revealed a higher number of positive adipocytes in neoplastic biopsies (Figures 2M–P, T), in which their number was higher by almost 50% compared to CTR (Figure 2P, CTR vs MET p = 0.0006; CTR vs MPN-MF p = 0.0014). No significant difference in the percentage of positive BMAds was detected between the two types of tumors (ADIPOQ: MET vs MPN-MF p = 0.8087; pHSL: MET vs MPN-MF p = 0.9373) (Figures 2L, P).

Interestingly, in the bone biopsy from the patient with metastasis of malignant glioma (Figure 3A), we observed an unusual morphology of BMAds characterized by the presence of a large vacuole associated with small lipid droplets that were clustered together beneath the plasma membrane, as better shown by ADIPOQ Figure 3B) and PLIN1 (Figure 3C) immunostaining.




Figure 3 | Representative histological image of the marrow metastasis of glioma (A). BMAds (asterisks) are intercalated among the neoplastic cells (gl) and the haematopoietic cells (hc). Immunostaining for PLIN1 (B) and ADIPOQ (C) highlights intra-tumoral “remodeled” BMAds containing very small intracytoplasmic lipid droplets clustered together and polarized beneath the plasma membrane (arrows), which are not observed in morphologically typical unilocular adipocyte (arrowhead). Panel (A): HE stain. Scale bars: 50 µm.






Discussion

The human BM is the site of origin of most haematological malignancies and a frequent site of metastasis of non-haematological tumors. In marrow neoplasia, the BMAT undergoes metabolic and molecular changes that help cancer cells to thrive at the expense of the other BM cell types. BMAds are known to secrete adipokines (e.g., adiponectin and leptin) and inflammatory factors (e.g., interleukin-6 and tumor necrosis factor-α) and are thought to be the energy source of tumor cells (e.g., through the release of free fatty acids), which, in turn, modulate their activities by releasing different types of molecules (e.g., cytokines and chemokines) (4, 8, 11, 19).

Previous work showed that in peripheral white adipose tissue (WAT), adipocytes located in close proximity of invasive cancer cells undergo morphological changes [i.e., loss of lipid content (delipidation) and acquisition of a fibroblast-like/pre-adipocyte phenotype (dedifferentiation)] and functional modifications (e.g., decreased expression of adipocyte-related genes and increased production of pro-inflammatory cytokines) (20). However, only a few studies investigated the in situ morphology and phenotype of BMAT in the human neoplastic BM.

The analysis of BMAds neighboring marrow tumors may provide information of relevance for the pathogenesis and possibly for the diagnosis of marrow neoplastic diseases. For example, it may reveal changes of BMAds that occur at a specific time (e.g., early vs late stage of marrow cancer infiltration) and/or anatomical space (e.g., in subcortical vs perisinusoidal BMAT) during the progression of the disease. On the other side, it may assist in the diagnostic identification of neoplastic BM samples when cancer cells are very few and barely detectable. Currently available work on the in situ features of BMAds in the neoplastic BM consists essentially in a few histomorphometry studies performed exclusively on hematological tumors (21).

Here, we report the results of the quantitative and qualitative analyses of BMAds in bone biopsies from patients with different types of marrow cancer metastasis and with myeloproliferative neoplasia with grade-3 myelofibrosis. We provide the first data on the in situ immunophenotype of BMAds in haematological malignancies and the first analysis ever of their in situ quantitative and immunophenotypic features in BM cancer metastasis.

Our study revealed a significant decrease in the number of BMAds in affected bone biopsies, regardless of the type of neoplasia. The quantitative reduction of BMAds in the presence of tumors seems to be a recurrent finding and was previously observed in Multiple Myeloma (MM) (12), Acute Lymphoblastic Leukaemia (ALL) (22), Myelodysplasia (21, 23), Acute Myeloid Leukaemia (AML) (24) and MPN (21). The reason for the lowering of BMAds in marrow neoplastic conditions is currently under investigation. Some studies showed that it is unrelated to the amount of marrow cellularity and may not be explained solely by the physical pressure caused by tumor infiltration (12, 22). Other studies reported a compromised growth and differentiation of BMAd progenitor cells (22, 24, 25). BMAds derive from skeletal stem/progenitor cells that appear after birth in the marrow cavity (26) and are included within the fibroblast-like cell subset of the BM stroma (Bone marrow stromal cells, BMSCs) (27). Reduced adipogenic differentiation was shown in BMSCs isolated from AML patients, in which the defective generation of mature adipocytes was not reproduced in the extra-skeletal WAT depots (24), and from patients with MM (25). In addition, in ALL patients, Heydt et al. observed an altered growth of BMSCs with accumulation of adipocyte-primed cells and suggested that the differentiation of adipocyte progenitors was stalled by blast-dependent mechanisms (22). Interestingly, we previously observed that BM stromal progenitor cells isolated from patients with AML were characterized by an enhanced terminal adipogenic differentiation compared to controls when transplanted in vivo in the absence of leukemic blasts (28). The negative modulation of BM adipogenesis seems to be in contrast with the positive effect of BMAds on cancer growth. A plausible explanation for our results is that this positive effect is an early event no longer required in the established disease. However, it must be reminded that BMAds also support the maturation of the normal myeloid-erythroid lineages (24), which compete with the neoplastic cells for the same microenvironment. Thus, it is possible that the modulation of BMAd number in the neoplastic marrow reflects, at least in part, the need for the tumor to generate a supporting microenvironment while suppressing the normal haematopoiesis.

We also observed a reduced size of BMAds in all our samples, consistent with previous report on MM (29) and other lympho- and myelo-proliferative conditions (21). The change in the dimension of individual BMAds was previously related to the enhanced lipolysis induced by neoplastic cells (9, 30), although subsequent studies did not detect a lipolytic activity in BMAds (6). Regardless of the mechanism(s), the shrinking of BMAds may have multiple potential consequences on the neoplastic microenvironment that should not be overlooked. For example, since BMAds are in close contact with the marrow sinusoidal network (31), a pronounced modification of their dimension may affect the blood flow and, as a consequence, the amount of oxygen and nutrients for neoplastic cells. In addition, as previously reported in WAT, variations in the cell size within BMAT could be correlated with different chemokine and lipid secretory profiles and therefore with different modulatory effects on the tumor growth (32).

As major changes in the overall phenotype of BMAT, we detected a reduced number of ADIPOQ positive and an increased number of p-HSL positive BMAds in the neoplastic marrow compared to control biopsies. ADIPOQ is the most abundant molecule produced by the adipose tissue and in humans it is highly expressed in BMAT compared to WAT (33). Reduced levels of ADIPOQ, in parallel with an increase in the level of leptin, are associated with an enhanced risk of development of different tumors, including hematological neoplasia (34, 35). Indeed, ADIPOQ inhibits proliferation and promotes apoptosis in different types of cancer cells (36). Recently, it has been reported that the content of this adipokine in the marrow plasma is lower in patients with ALL compared to healthy subjects (22). In agreement with these data, we demonstrate here for the first time a reduction in the number of ADIPOQ positive BMAds in the presence of cancer metastasis and myeloproliferative neoplasia with grade-3 myelofibrosis, thus confirming that the modulation of the secretory activity of BMAT contributes to the changes in the marrow/serum levels of this adipokine in neoplastic conditions.

HSL is a lipase that is activated upon phosphorylation and is involved in the breakdown of triglycerides (37). Cancer cells may upregulate its expression and phosphorylation in WAT (38, 39). Although BMAds seem to have a specific lipid metabolism compared to WAT (6), HSL phosphorylation was reported to be induced in BMAds co-cultured with ALL blasts (9). In this study we have confirmed this effect in situ showing that, in the presence of neoplastic cells, the fraction of p-HSL positive BMAds was expanded. The metabolic implication of the increase of p-HSL and its significance in the context of BM cancer involvement remains to be clarified. However, it is interesting to note that in the marrow metastasis of glioma, we observed BMAds bearing a large lipid vacuole and a polarized cluster of small droplets beneath the plasma membrane. This finding is reminiscent of the remodeled BMAds previously detected in the mouse femur upon stimulation with a β3 adrenergic receptor agonist (40). Thus, it is possible that a remodeling phenomenon occurs in human BMAds too, at least in some specific rare conditions as the exposure to glioma cells. Of note, it is known in the literature that astrocytomas may cause lipodystrophy (41) and that lipolysis is increased in the glioma microenvironment (42).

In conclusion, although this study has important limitations (such as the reduced number of bone biopsies, the absence of correlation with patients’ clinic and anthropometric data), it demonstrates for the first time that, in different types of marrow cancers, BMAds undergo significant quantitative and morpho-phenotypical changes, which need to be further investigated in future studies.
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Background

Systemic inflammation is the main factor underlying secondary osteoporosis in patients with rheumatoid arthritis (RA). Janus kinase inhibitors (JAKi), such as tofacitinib (Tofa), can control systemic inflammation and may have beneficial effects on bone in various models. This might be due to direct effects on the bone microenvironment and not exclusively based on their anti-inflammatory function. Bone marrow adipocytes (BMAds) are abundant in the bone microenvironment. The effect of JAKi on BMAds is unknown, but evidence suggests that there is competition between human bone marrow-derived stromal cell (hBMSC) differentiation routes towards BMAds and osteoblasts (Ob) in osteoporosis.



Objectives

The aims of the study are to determine whether Tofa influences BMAds and Ob derived from hBMSCs and to investigate the potential effects of Tofa on bone marrow adiposity in RA patients.



Methods

To determine the effect of Tofa on cellular commitment, hBMSCs were differentiated to BMAds or OBs for 3 days together with Tofa at 200, 400, or 800 nM and TNFα. This study was also conducted using differentiated BMAds. The impact of Tofa was determined by gene and protein expression analysis and cell density monitoring. In parallel, in a pilot study of 9 RA patients treated with Tofa 5 mg twice a day (NCT04175886), the proton density fat fraction (PDFF) was measured using MRI at the lumbar spine at baseline and at 6 months.



Results

In non-inflammatory conditions, the gene expression of Runx2 and Dlx5 decreased in Ob treated with Tofa (p <0.05). The gene expression of PPARγ2, C/EBPα, and Perilipin 1 were increased compared to controls (p <0.05) in BMAds treated with Tofa. Under inflammatory conditions, Tofa did not change the expression profiles of Ob compared to TNFα controls. In contrast, Tofa limited the negative effect of TNFα on BMAd differentiation (p <0.05). An increase in the density of differentiated BMAds treated with Tofa under TNFα was noted (p <0.001). These findings were consolidated by an increase in PDFF at 6 months of treatment with Tofa in RA patients (46.3 ± 7.0% versus 53.2 ± 9.2% p <0.01).



Conclusion

Together, these results suggest a stimulatory effect of Tofa on BMAd commitment and differentiation, which does not support a positive effect of Tofa on bone.





Keywords: tofacitinib, rheumatoid arthritis, human bone marrow-derived stromal cells, bone marrow adipocytes, osteoblasts, differentiation



1 Introduction

Rheumatoid arthritis (RA) is a systemic, immune-mediated disease characterized by synovitis and/or inflammation of periarticular structures and systemic inflammation with a prevalence in the range of 0.5–1.0% in Western countries (1, 2). Osteoporosis is a common feature in patients with RA and leads to an increased risk of fractures (3). In a meta-analysis, patients with RA had a significantly higher risk of fractures than patients without RA (relative risk  =  2.25, 95% CI [1.76–2.87]) (4).

Systemic inflammation is the main factor underlying this secondary osteoporosis in RA patients. Cytokines such as tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-6) directly stimulate the maturation of osteoclasts and inhibit the differentiation of osteoblasts (Ob), leading to an imbalance in bone resorption and bone formation (5).

Twenty years ago, RA often led to joint destruction and considerable disability. Since then, scientific progress has prompted major advances in the treatment of the disease (2). Janus Kinase inhibitors (JAKi), which inhibit the JAK/STAT (signal transducer and activator of transcription) pathway can control the disease activity and thus prevent joint destruction (6–8). Moreover, JAKi, such as tofacitinib (Tofa), can control systemic inflammation and may have beneficial effects on bone. Tofa inhibits several STATs such as STAT1, STAT3, and STAT5 (9, 10). Two in vitro studies showed that Tofa may enhance osteogenic differentiation (11, 12). One study showed an increase in osteocalcin (OC) expression in murine bone marrow-derived stromal cells treated with Tofa 1 day after osteogenic induction. In contrast, the expression of runt-related transcription factor 2 (Runx2), the key transcription factor in osteogenesis, was not affected by Tofa (11). In the other study, Runx2 expression only increased under hypoxic conditions in human bone marrow-derived stromal cells (hBMSCs) treated with Tofa 7 days after osteogenic induction (12).

In a one-year pilot study, no changes in bone mineral density (BMD) by dual-energy X-ray absorptiometry (DXA) were observed in RA patients under Tofa (n = 26) whereas C-terminal collagen crosslinks (CTX) significantly decreased (13). Furthermore, Vidal et al. analyzed how treatment intervention with Tofa prevents the early disturbances of bone structure and mechanics in a rat model of adjuvant-induced arthritis (14). Tofa could control the inflammatory activity and, to increase cortical bone and trabecular hardness measured by nanoindentation, but did not reverse the effects of arthritis on the cortical and trabecular bone structure and on mechanical properties (14).

More studies are needed to understand the impact of Tofa on bone, as previous studies used different models and conditions.

This impact might be due to direct effects on the bone microenvironment and not exclusively based on its anti-inflammatory function. Bone marrow adipocytes (BMAds) are abundant in the bone microenvironment (15) and have been historically viewed as passive ‘fillers’ of bone marrow space that are metabolically inert (16). An increasing number of studies have shown that there is an association between decreased bone mass and the accumulation of bone marrow adipose tissue, suggesting a competition between hBMSCs differentiation routes toward BMAds and Ob in osteoporosis (15)

The study aimed to determine whether Tofa influences the cells of the bone microenvironment, such as BMAds and Ob derived from hBMSCs, under inflammatory and noninflammatory conditions. Then, in a prospective pilot study, we investigated the potential effects of Tofa on bone marrow adiposity and bone parameters in patients with RA.



2 Materials and Methods


2.1 Cell Culture Experiments


2.1.1 Cell Culture and Induction of Osteogenic and Adipogenic Differentiation

Purified hBMSCs from 3 donors (1 female, 20 years; 2 males, 25 and 22 years) were purchased from RoosterBio (Frederick, MD, USA). Cells were specified as >90% positive for CD73, CD90, and CD105, and <10% negative for CD14, CD34, and CD45 surface marker expression.

Differentiation experiments were started when hBMSCs reached confluence (D0). To induce osteogenesis, hBMSCs were cultured in DMEM (Pan Biotech, Aidenbach, Germany) with 10% FCS (Pan Biotech, Aidenbach, Germany) supplemented with osteogenic inductors (50 μM ascorbic acid, 10 mM β-glycerophosphate, and 10−8 M vitamin D3 (Sigma-Aldrich)). For adipogenic differentiation, hBMSCs were cultured in DMEM with 10% FCS supplemented with adipogenic inductors (0.5 μM dexamethasone, 0.5 mM isobutyl-1methylxanthine, and 50 μM indomethacin (Sigma-Aldrich)). hBMSCs were cultured with 1 ng/ml TNFα (Gibco, Carlsbad, CA, USA) to mimic the inflammatory conditions in RA. The differentiation protocols were previously validated, as presented in Supplementary Figure 1.

To determine the impact of Tofa at an early commitment, hBMSCs were differentiated into Ob or BMAds in appropriate media for 3 days with TNFα and Tofa. To evaluate the effect of Tofa on fully differentiated BMAds, a similar treatment was applied for 6 days after 14 days of differentiation (Figure 1).




Figure 1 | General scheme of the experiments.





2.1.2 Test Reagents

Tofa was graciously provided by Pfizer (New York, NY, USA), dissolved in sterile water and stored at −20 °C after sonication. Recombinant human TNFα was purchased from Gibco (Carlsbad, CA, USA), dissolved in sterile water and stored at −20 °C. Three concentrations of Tofa were used: 200, 400, and 800 nM. According to Pfizer, Tofa at 400 nM was considered as equivalent of the therapeutic dosage of Tofa used in RA (5 mg twice a day).



2.1.3 Cell Viability Assay

In 96-well plates, Ob and BMAds were incubated with Tofa and TNF-α before being treated with 10 μl of WST-1 (Cell Proliferation Reagent WST-1; Roche, Mannheim, Germany). The mixture was then incubated for 4 h at 37 °C, after which the absorbance was measured at 450 nm. The reference wavelength was measured at 690 nm.



2.1.4 Oil Red O Staining

After 20 days, differentiated BMAds were fixed in 2% paraformaldehyde for 15 min, washed in water, incubated with 60% isopropanol for 5 min, and stained with newly filtered Oil Red O solution for 10 min at room temperature. After staining, the cells were rinsed with water before counterstaining with hematoxylin solution, Gill no. 3 (Sigma Aldrich, St. Louis, MO, USA) for 5 min at room temperature.



2.1.5 BMAd Density, BMAd Droplet Surface, and BMAd Surface

After 20 days, differentiated BMAds were fixed in 2% paraformaldehyde for 15 min, washed in water. BMAd density was assessed by counting the number of BMAds and the total number of cells in 12 images (6 per donor) for each condition. The BMAd droplet surface was assessed in 60 BMAds (30 per donor), and the BMAd surface was assessed in 100 BMAds (50 per donor) using ImageJ software (version 1.45).



2.1.6 RNA Expression Measurement


2.1.6.1 RNA Isolation

Total RNA was extracted from Ob and BMAd using an RNeasy® Micro Kit including a DNase I digestion step (Qiagen, Hilden, Germany), according to the instructions of the manufacturer, and quantified by Nanodrop at 260 nm wavelength.



2.1.6.2 mRNA Expression Analysis

Total RNA was reverse transcribed using a Maxima First-Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) and subjected to quantitative real-time PCR on the StepOnePlus® system (Applied Biosystems, Foster City, CA, USA) using POWER SYBR® Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA USA) and specific primers designed using Oligo 6 software (MedProbe), or Taqman Universal Master Mix II (Applied Biosystems, Foster City, CA, USA) and specific probes (Table 1). Relative gene expression levels were normalized to YWHAZ (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein) and PPIA (peptidylprolyl isomerase A) for Ob and RNAPol2 (RNA polymerase II) and YWAZ transcripts for BMAds and determined using the 2 −ΔΔCt method.


Table 1 | Primer sequences and conditions of PCR.






2.1.7 Protein Sampling, Quantification, and Western Blot Analysis

For sampling, BMAds were washed in ice-cold PBS (Pan Biotech, Aidenbach, Germany) and lysed in lysis buffer [HEPES, MgCl2, Glycerol, KCl, EDTA, DTT] supplemented with Halt Protease Inhibitor Single-Use Cocktail (Thermo Fisher Scientific, Waltham, MA, USA) and sodium orthovanadate. Cellular debris was discarded by centrifugation after cell lysis. To adjust the protein concentration, extracts were quantified using the DC Protein Assay Kit (Bio-Rad, Hercules, CA, USA) according to the instructions of the manufacturer and denatured in 4× Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA). Protein extracts were separated on 8% SDS–polyacrylamide gels and transferred onto 0.2 µm nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) using a Trans-Blot Turbo System (semidry transfer) (Bio-Rad, Hercules, CA, USA). The membranes were blocked in 5% bovine serum albumin (Sigma Aldrich, St. Louis, MO, USA) for phosphorylated proteins or with 5% skimmed milk for the other proteins in Tris-buffered saline solution with 0.05% Tween 20 (Acros Organics, Morris Plains, NJ, USA) for 1 h. Blots were probed with antibodies against the following targets overnight: anti-phospho-STAT3 (Tyr705; Cell Signaling Technology, Danvers, MA, USA), anti-STAT 3 (D3Z2G; Cell Signaling Technology, Danvers, MA, USA), anti-Actin (A2066, Sigma Aldrich, St. Louis, MO, USA) and anti-Perilipin (D1D8; Cell Signaling Technology, Danvers, MA, USA). Horseradish peroxidase–conjugated immunoglobulin G (Santa Cruz Biotechnology, Dallas, TX, USA) was used as secondary antibody. Blots were developed using Amersham ECL Prime Western Blotting Detection Reagent substrate (GE Healthcare, Chicago, IL, USA) in a chemiluminescence imager (Amersham Imager 600, GE Healthcare, Chicago, IL, USA). Band intensities were measured using ImageQuant TL (GE Healthcare, Chicago, IL, USA). Band intensity was semiquantified using ImageJ software (version 1.45). Actin was used as an internal control for normalization.




2.2 Clinical Research


2.2.1 Study Design and Patients

The TOFAT study was an open, prospective 6-month follow-up study (NCT04175886) assessing the impact of Tofa on bone marrow adiposity, BMD, and body composition in RA patients 18 years and older. Key inclusion criteria include 2010 RA ACR/EULAR classification criteria (17), and an indication for Tofa. Key exclusion criteria included oral corticosteroids >10 mg prednisone/day; patients on or considering a restrictive diet during the study period; patients undertaking or planning to undertake an intense exercise program; history of treatment with bone active substances such as bisphosphonates; weight >160 kg; and any MRI contraindication. In patients who were receiving Biological Disease-Modifying Antirheumatic Drugs (bDMARDs), a five-half-life washout period was required between bDMARD interruption and inclusion in the study.



2.2.2 Study Approval

The study protocol was approved by the local Institutional Review Board (2019–001159–37), and the study procedures complied with the ethical standards of the relevant institutional and national Human Experimentation Ethics Committees (reference CPP 40/19). All patients provided written informed consent. The study was designed to include 38 patients but was prematurely stopped due to the results of the safety Phase IV randomized clinical trial (18). Only 10 patients were included, and one participant was excluded at follow-up due to discontinuation of Tofa before 6 months.



2.2.3 Clinical Assessment

Demographic and clinical characteristics were recorded, particularly the 28-joint Disease Activity Score (DAS28), adjusted for C Reactive Protein (CRP) levels, current use of conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) and corticosteroids, and physical activity using the International Physical Activity Questionnaire-Short Form (IPAQ-SF) and the handgrip test. Past use of bDMARDs was also recorded.



2.2.4 Bone Mineral Density and Body Composition Measurements Using DXA Scan

Bone mineral density (BMD) in RA patients was measured at the lumbar spine (L1–L4) and at the nondominant hip using a DXA scan (HOLOGIC Horizon W S/N 300869M).

All RA patients underwent total body DXA scanning (HOLOGIC Horizon W S/N 300869M). Fat, lean, and bone mass for the total body and per region (arms, legs, and trunk) were measured and analyzed using validated software from the manufacturer (version 13.6.0.5). Body fat percentage (BFP, %) was calculated as the proportion of total fat mass (TFM) to total mass. Appendicular lean mass (kg) was computed as the sum of the tissue compartment (lean) of both arms and legs. Visceral adipose tissue (VAT, cm²) was recorded.



2.2.5 Laboratory Variables

Fasting (at least 8 h) blood samples were obtained. Serum cross-laps (CTX) were measured by a chemiluminescence assay using the IDS-iSYS Multi-Discipline Automated Analyzer (Immunodiagnostic Systems, Inc., Fountain Hills, AZ). Plasma concentrations of leptin were measured by ELISA using the E07 kit provided by Mediagnost (Reutlinger, Germany).



2.2.6 Bone Marrow Adiposity Measurement by MRI


2.2.6.1 Imaging Acquisition

All subjects underwent an MRI examination on a 3 Tesla system (Ingenia; Philips Healthcare, Best, Netherlands) using the built-in 12-channel posterior body coil and a 16-channel anterior coil, under the supervision of a senior musculoskeletal radiologist. Patients were positioned head-first in the supine position. A conventional imaging protocol was performed first, including T1- and T2-weighted 2-point Dixon turbo-spin echo (TSE) acquisitions in the sagittal plane, followed by an optional T2-weighted acquisition in the axial plane based on clinical history and the decision of the radiologist.

Immediately after this clinical exploration, bone marrow adiposity quantification (proton density fat fraction, PDFF) was achieved using a six-echo three-dimensional gradient echo sequence (mDixon-Quant; Philips Healthcare, Best, Netherlands), permitting a chemical shift encoding-based water-fat separation at the lumbar spine (sagittal). Imaging parameters were repetition time (TR)/echo time (TE)/ΔTE: 11/1.43/1.1 ms; field of view (FOV): 220 × 220 mm; voxel size: 1.8 × 1.8 mm; slice thickness: 3 mm; number of excitations: 1; no SENSE acceleration; fold-over direction: foot-head; bandwidth: 1,563 Hz and scan time: 1 min 41 s. In both situations, a low flip angle of 3° was used to minimize T1-bias (19).



2.2.6.2 Bone Marrow Adiposity Quantification

A senior musculoskeletal radiologist (SB) reviewed all examinations on a dedicated workstation (IntelliSpace Porta; Phillips Healthcare, Best, the Netherlands). A systematic morphological assessment was conducted first, looking for lumbosacral transitional vertebrae, degenerative changes, and bone marrow replacement lesions. Based on the 3 most sagittal slices acquired using the mDixon-Quant sequence, polygonal regions of interest (polygonal ROI) were drawn in the vertebral body of L1 to L4, avoiding subchondral bone, replacing lesions, severe degenerative changes, and the basivertebral vein. For each subject, a mean proton density fat fraction (PDFF) was calculated as an average of all measured values in the lumbar spine, from L1 to L4.





2.3 Statistical Analysis

Categorical variables are expressed as numbers (percentage), and continuous variables are expressed as the means (standard deviation, SD, or standard error of the mean, SEM). The normality of model residuals was assessed graphically and using a D’Agostino’s K-squared test. Changes were examined during treatment by comparing baseline and 6-month values using a paired t-test or a Wilcoxon signed-rank test, depending on the normality of intra-patient differences. In the in vitro study, all experiments were repeated at least three times, and the Mann–Whitney U test and Student’s t-test were used according to the distribution of the data. Statistical testing was performed at the two-tailed α level of 0.05. Data were analyzed using the GraphPad Prism software package, release 5.04 (GraphPad Software, San Diego, CA, USA).




3 Results


3.1 Tofa Does Not Inhibit Survival of hBMSCs During Ob or BMAd Differentiation

Cytotoxicity tests were performed to assess whether cell survival is influenced by Tofa concentrations at 200, 400, and 800 nM (Figure 2).




Figure 2 | Effect of Tofa and TNFα on the cellular viability of hBMSCs. Ob and BMAds were differentiated from hBMSCs for 3 days and treated with Tofa (200, 400, and 800 nM) and TNFα (1 ng/ml). Cell viability was assessed using the WST-1 method, and the percentage of viability is shown above and below the symbols. Data represent the mean ± SD of four independent experiments. ∗p <0.05 versus control (untreated group) by Mann–Whitney U test.



We observed no changes during BMAd differentiation (BMAds at 3 days) regarding proinflammatory or noninflammatory conditions or the doses of Tofa tested. In Ob differentiated at 3 days, Tofa did not impact cellular viability but rather seemed to improve it when the cells were in the presence of TNFα. In fact, the significant decrease in cellular viability observed in Ob TNFα compared to the control was not observed in Ob TNFα + Tofa.



3.2 Tofa Treatment Has Little Effect on Ob Differentiation But Increases BMAds Differentiation Under Noninflammatory Conditions

To determine the impact of Tofa on cellular commitment, gene expression analysis was performed on specific markers related to Ob and BMAds differentiation. The results of quantitative real-time RT-PCR are displayed as the relative expression of mRNA levels in the Tofa-treated group compared to the control (untreated group).

Under noninflammatory conditions, we showed that Tofa significantly decreased expression levels of Runx2 at 400 nM and at 800 nM and Dlx5 (Distal-less homeobox 5, another key transcription factor of Ob differentiation) for all concentrations compared with the Ob control (p <0.05) (Figure 3A). No effect of Tofa on osteocalcin gene expression levels was observed (Figure 3A).




Figure 3 | Effect of Tofa on Ob and BMAds differentiation under noninflammatory conditions. Ob and BMAds were differentiated from hBMSCs and treated with Tofa (200, 400, and 800 nM) for 3 days. Ctrl: Ob or BMAds untreated (A, B) Quantitative RT-PCR analysis of osteoblast (A) and adipocyte-specific genes on day 3 (B). Data are expressed as means ± SEM. Statistical significance was calculated using the Mann–Whitney U test (*p <0.05). (C) Western blot analysis of hBMSCs cultivated 9 days in adipogenic medium with Tofa 200, 400, and 800 nM. Representative western blots for PLIN with actin as a loading control and corresponding quantification of protein quantity (PLIN/Actin).



Conversely, BMAds treated with Tofa exhibited a significant increase in the gene expression of PPARγ2, C/EBPα (two key transcription factors of BMAds differentiation) and Perilipin 1 (PLIN 1), the most specific marker associated with lipid droplet) compared with BMAds controls (p <0.05). An increase was observed from 200-nM Tofa for each marker (Figure 3B).

The increase in expression of PLIN was also confirmed at the protein level in BMAds cultivated for 9 days in adipogenic medium, whatever the Tofa concentration applied (Figure 3C).



3.3 Tofa Limits the Negative Effect of TNFα During Differentiation But Only in an Adipocytic Context

As expected, the addition of TNFα stimulated proinflammatory cytokine expression in both cultures, as demonstrated here by the increase in IL6 gene expression up to 300-fold higher in BMAds TNFα and 9-fold in Ob TNFα compared to the controls, which were untreated BMAds and Ob (Figure 4A).




Figure 4 | Effect of Tofa on Ob and BMAd differentiation under inflammatory conditions. Ob and BMAds were differentiated from hBMSCs and treated with Tofa (200, 400, and 800 nM) and TNFα (1 ng/ml) for 3 days. Ctrl: Ob or BMAds untreated (A–C) Quantitative RT-PCR analysis of IL-6 (A), osteoblast (B), and adipocyte-specific genes on day 3 (C). Data are expressed as the means ± SEM. Statistical significance was calculated using the Mann–Whitney U test (*p <0.05, **p <0.01).



TNFα also impacted Ob and BMAd differentiation, marked by a significant decrease in Runx2 (40%), Dlx5 (58%), OC (62%) (Figure 4B), PPARy2 (83.5%), C/EBPα (80%), and PLIN 1 (97%) (Figure 4C).

The addition of Tofa to TNFα did not change the expression profiles of Ob compared to TNFα controls (Figure 4B). In contrast, analysis of PPARy2 gene expression revealed that the addition of Tofa limited the negative effect of TNFα on BMAd differentiation (Figure 4C). Expression levels of PPARy2 were increased by an average of 4, 2.5, and 1.3 times, in response to Tofa 200, 400, and 800 nM, compared to TNFα-treated cells.



3.4 A Positive Effect of Tofa on BMAds Under Inflammatory Condition Was Also Observed at a Later Stage of Maturation

Given our results above, we chose to further evaluate the action of Tofa on BMAds after 14 days of differentiation followed by 6 days of TNFα + Tofa treatment. Previously, the effect of TNFα + Tofa on the cellular viability of differentiated BMAds was assessed and no change was observed compared to the control, BMAds + TNFα (Figure 5A).




Figure 5 | Effect of Tofa on differentiated BMAds under inflammatory condition. BMAds were differentiated from hBMSCs for 14 days and then cultured in the presence or absence of Tofa and TNFα for 6 days. (A) Cell viability was assessed using the WST-1 method, and the percentage of viability is shown above and below the symbols. Data represent the mean ± SD of four independent experiments. (B) Representative image showing the effect of TNFα treatment on adipogenesis, visualized by the uptake of oil red into lipid vacuoles (red). Quantification of BMAd surface and droplet surface (µm2) after TNFα treatment. (C) Quantification of the number of BMAds (number of BMAds/number of total cells) and (D) BMAd surface, after TNFα and Tofa treatment. (B–D) Data are expressed as the means ± SEM (n = 2). Statistical significance was calculated using Mann–Whitney U test for non-parametric variables and Student’s t-test (**p <0.01, ****p <0.0001).



To evaluate the effect of Tofa, optical images of BMAds treated with TNFα + Tofa at 200, 400, and 800 nM were analyzed and BMAd density was determined (number of BMAds/number of total cells). First, we observed a phenotype change and a decrease in BMAd density in response to TNFα treatment. In fact, TNFα induced a phenotypic conversion of BMAds toward a fibroblastic phenotype with a drastic decrease in BMAd surface (p <0.001) and droplet surface compared to controls (p <0.001) (Figure 5B).

The addition of Tofa to the culture media limited the phenotypic conversion and maintained a BMAd density close to that of the control (untreated cells) with a dose–response effect (Figure 5C). The surface of BMAds was affected at 200 nM (p <0.01), but not at 400 or 800-nM Tofa (Figure 5D).



3.5 Tofa Inhibits pSTAT3 in BMAds

Although TOFA is a specific inhibitor of JAK1/3 and inhibits STAT1/3 phosphorylation, we were preferentially interested in the phosphorylation profile of STAT3 (pSTAT3) after 3 days of hBMSC differentiation. Indeed, the JAK3/STAT3 signaling pathway was upregulated during adipocyte differentiation and associated with an upregulation of pSTAT3 expression profile (Figure 6A). For JAK1/STAT1, the expression levels were stable during differentiation and were similar to those found in hBMSCs (data not shown). In response to Tofa, pSTAT3 markedly decreased in BMAds compared to controls (untreated cells), suggesting a potential role for STAT3 in the expansion of bone marrow adipose tissue (Figure 6B).




Figure 6 | Analysis of pSTAT3 profile in BMAds. Quantitative RT-PCR analysis of JAK3 and STAT3 (A) during adipocyte differentiation compared to day 0 (hBMSCs confluents). STAT3 activity (pSTAT3) during adipocyte differentiation was demonstrated by western blot analysis. BMAds were differentiated 48 h in adipogenic medium and compared to hBMSCs. (B) Western blot analysis was used to determine relative pSTAT3/STAT3 expression in BMAds after 48 h of differentiation and treated 3 days with Tofa (200, 400, and 800 nM). Actin was used as a loading control. Data are representative of three independent experiments.





3.6 Bone Marrow Adiposity is Increased in RA Patients Treated With Tofa


3.6.1 Baseline Characteristics of Patients

Age and disease duration (mean (SD)) were 58.0 (10.1) years and 7.3 (8.3) years, respectively. DAS28-CRP was 3.81 (1.2). Five patients were currently receiving corticosteroids (prednisone) at a dosage of less than 10 mg per day (6.8 (2.9) mg per day). Two patients had previously received at least one anti-TNFα treatment.



3.6.2 Clinical, Physical and Body Composition Changes in RA Patients During Treatment With Tofa

One participant was excluded at follow-up due to discontinuation of Tofa before 6 months. No significant change in disease activity was noted (DAS 28 CRP: 3.81 (1.19) vs 3.00 (1.06), p = 0.16). After 6 months of Tofa, a significant increase in the handgrip test was noted, whereas no change in BMI was observed (Table 2).


Table 2 | Changes in rheumatoid arthritis patients treated with Tofacitinib for 6 months.



Changes in body composition, BMD, and lumbar spine PDFF are presented in Table 2. After 6 months of Tofa, a significant increase in the lumbar spine PDFF was noted (46.3% (7.0) vs 53.2% (9.2), p = 0.008) (Figure 7), whereas no changes in BMD or body composition were observed.




Figure 7 | Changes of Bone Marrow Fat in 9 RA patients treated with Tofa. Bone marrow fat was assessed by MRI at lumbar spine in the 9 patients treated with Tofa during 6 months. PDFF, Proton Density Fat Fraction.



No significant changes in CTX (3,503 (1,830) pmol/L vs. 2,712 (2,196) pmol/L, p = 0.91), or leptin (14.9 (19.7) ng/L vs. 19.4 (24.9) ng/L, p = 0.30) levels were observed at 6 months.





4 Discussion

Studies have reported an increased risk of bone loss and fracture in RA patients (20). Tofa may have beneficial effects on bone, which might be due to direct effects on the bone microenvironment and not exclusively based on its anti-inflammatory function. As common progenitor cells of BMAds and Ob, hBMSCs are delicately balanced in their differentiation commitment (21, 22). In osteoporosis, numerous in vitro and clinical investigations have demonstrated the ability of hBMSCs to differentiate in a preferential way toward BMAds (23–28). In this study, the ability of Tofa to counteract this imbalance was investigated. For that, the effects of Tofa on the viability and Ob and BMAd differentiation of hBMSCs were assessed.

First, the lack of data on this subject led us to explore the influence of Tofa under noninflammatory conditions. The results at the cellular and molecular levels revealed that Tofa promoted adipocyte differentiation, even at low concentrations, but decreased the Ob differentiation after 3 days of treatment. Tofa has a fast onset of action, as the impact of Tofa on adipocytes and Ob differentiation has already been observed after only 3 days of treatment.

Concomitantly to our work, a stimulating effect of Tofa on differentiated adipocytes has also been reported on primary human bone marrow cells isolated from patients undergoing orthopedic surgery (29). In this study, Russell et al. reported an increase in the number of adipocytes for cells differentiated and treated by Tofa for 14 or 21 days.

Considering those results, we investigated the origin of the expansion of the adipose tissue treated with Tofa. Adipose tissue expansion results either from an increase in the size of differentiated adipocytes (adipocyte hypertrophy) and/or an increase in the formation of new adipocytes (adipocyte hyperplasia). This question was also raised by Russell et al. and was answered through the experiments conducted in our study. Indeed, measurements of the BMAd surface did not show an increase in the surface under Tofa, but the number of adipocytes was increased for the highest concentrations of Tofa (400 and 800 nM). These new findings confirm that Tofa participates in the expansion of adipose tissue by recruiting more preadipocytes and activating their differentiation. Consequently, we can also conclude that the increase in PLIN protein expression observed by western-blotting is therefore related to the appearance of new adipocytes rather than to the increase in the number of lipid droplets in the adipocytes already formed. This impact could be mediated through STAT3 inactivation. However, it has been shown in different studies that STAT3 is a rather pro-adipogenic factor (29, 30). Furthermore, in another in vitro model, Tofa treatment also resulted in off-target activation, leading to great complexity in its signaling (31, 32). Therefore, further studies are therefore needed to understand the mechanism that induces increased adipogenesis under Tofa.

Second, to get as close as possible to the inflammatory conditions of pathology, we treated the cultures with TNFα in addition to Tofa. Numerous studies have focused on the effect of TNFα on Ob and have shown the deleterious effect of this molecule on differentiation, characterized by a drastic decrease in Ob factors such as Runx2 or Dlx5 (33). However, even when gene expression levels of Runx2/Dlx5 were lowered by the effect of TNFα, tofacitinib was unable to counteract the action of TNFα and to stimulate Runx2 or Dlx5 as in noninflammatory conditions. These results support the latest published results and oppose the osteoanabolic effect previously described in the literature (11, 12). Russell et al. observed that Tofa did not affect the Ob differentiation at 14 days, as assessed by ALP activity and accumulation of calcium (34). Similarly, Gaber’s experiments did not reveal any changes in the gene expression of osteoblastic markers in hBMSCs treated with Tofa 7 days after osteogenic induction, grown under standard conditions. An increase in Runx2 expression was observed only under hypoxic conditions (12).

In contrast, Tofa appears to attenuate the deleterious effect of TNFα on the cellular viability of hBMSCs placed in osteogenic medium. In a recent study and in a different context, the protective effect of Tofa on cellular viability has also been reported (35). The authors used an oxygen-glucose deprivation/reoxygenation (OGD/R)-induced normal rat small intestinal epithelial cell model to simulate the physiological environment of intestinal I/R injury, treated or not with Tofa. The results showed that Tofa exerted protective effects on oxidative stress and inflammation in these cells but also on apoptosis during OGD/R. This effect could be mediated through the inhibition of the JAK/STAT3 pathway since the use of an agonist of this pathway partially abrogated the beneficial effect of Tofa.

In humans, the effects of Tofa on bone marrow adiposity in RA patients have never been evaluated. We have now conducted a prospective pilot study in 9 patients with RA, in which Tofa increased lumbar spine PDFF and resulted in no changes in BMD or body composition over 6 months. These clinical findings reinforce the in vitro results on the stimulatory effect of Tofa on BMAd differentiation, even if several limitations are to be underlined in this study. The hBMSCs used were obtained from healthy donors and treated with TNFα, which only partially reflected the pathology. It would be interesting to validate these results using hBMSCs collected from RA patients, especially since the clinical data obtained predicts a similar positive effect of Tofa on adipocyte differentiation. Clinically, we acknowledge that 6 months of follow-up is a short period to evaluate the BMD and body composition in patients treated with Tofa, and that 9 patients is a small population, but despite that, we were able to observe an increase in lumbar spine PDFF.

In conclusion, in vitro and clinical results suggest a stimulatory effect of Tofa on BMAd commitment and differentiation, which does not seem to support the beneficial effects of Tofa on the bone microenvironment. Studies on the impact of the other JAKi on bone marrow adiposity are needed to determine whether the stimulatory effect on bone marrow adiposity is a class effect or is specific to Tofa.
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Supplementary Figure 1 | Adipogenic differentiation of hBMSCs was confirmed (A) by using Q-PCR analysis of mRNA levels of adipogenic markers (PPARy, C/EBPα, PLIN 1) performed over a 14 days period of induction from day 0 (control hBMSCs) and Oil Red O staining. Osteogenic differentiation of hBMSCs was confirmed (B) by using Q-PCR analysis of mRNA levels of osteogenic markers (RUNX2, OC) performed over a 14 days period of induction from day 0 (control hBMSCs), ALP activity and Alizarin Red Staining at 21 days of differentiation. The data are representative of three independent experiments.
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Osteoporosis is defined as a systemic skeletal disease characterized by decreased bone mass and micro-architectural deterioration leading to increased fracture risk. Osteoporosis incidence increases with age in both post-menopausal women and aging men. Among other important contributing factors to bone fragility observed in osteoporosis, that also affect the elderly population, are metabolic disturbances observed in obesity and Type 2 Diabetes (T2D). These metabolic complications are associated with impaired bone homeostasis and a higher fracture risk. Expansion of the Bone Marrow Adipose Tissue (BMAT), at the expense of decreased bone formation, is thought to be one of the key pathogenic mechanisms underlying osteoporosis and bone fragility in obesity and T2D. Our review provides a summary of mechanisms behind increased Bone Marrow Adiposity (BMA) during aging and highlights the pre-clinical and clinical studies connecting obesity and T2D, to BMA and bone fragility in aging osteoporotic women and men.
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Osteoporosis

Osteoporosis is a chronic-skeletal disorder characterized by low bone mass, and deterioration in the microarchitecture of the bone tissue that results in bone fragility and increased fracture risk (1). It is the most common bone disease worldwide, affecting more than 200 million people and causing more than 9 million fractures in the year 2000 (2). In 2016, a European study estimated that 6.6% of men and 22.1% of women over the age of 50 years were diagnosed with osteoporosis, and around 3.5 million with fragility fractures. Osteoporosis causes vertebral and hip fractures, as well as chronic pain, that in many cases, are associated with disability and reduced life quality. Fractures, due to osteoporosis, require hospitalization and increase risk of mortality by 20%, and in 50% of the cases, result in chronic disability (3). The World Health Organization (WHO) has defined osteoporosis as a disease of low bone mass as measured by Dual-Energy X-ray Absorptiometry (DEXA) with Bone Mineral Density (BMD) equal or less than -2.5 standard deviations of the average value for young healthy persons (known as (T-score≤-2.5) (4, 5).



Pathophysiology of bone loss in age-related osteoporosis

Osteoporosis is primarily attributed to aging and sex-steroid deficiency, which at the cellular level leads to increased bone resorption by osteoclasts and decreased bone formation by osteoblasts (6, 7). A number of underlying pathogenic mechanisms of osteoporosis have been proposed, such as estrogen deficiency-associated Bone Marrow (BM) inflammation (8) or decreased levels of anabolic hormones (9, 10). However, increasing evidence has suggested a possible role of Bone Marrow Adiposity (BMA) in pathogenesis of bone loss in osteoporosis.



BMA and bone loss in age-related osteoporosis

Aging is defined as a gradual loss of normal tissue homeostasis and progressive deterioration of the organ functions, due to accumulation of cellular/DNA damage and senescence throughout aging (11). Aging is associated with significant bone loss and structural bone damage, due to accelerated trabecular thinning and disconnection, cortical thinning, and porosity (12), leading to increased fracture risk. Thus, osteoporosis is an exaggerated expression of aging process in the bone tissue (13). One of the key underlying mechanisms of bone loss in age-related osteoporosis is the altered lineage allocation of Bone Marrow Stromal Cells (BMSCs), associated with enhanced differentiation towards adipocyte lineage, leading to expansion of the Bone Marrow Adipose Tissue (BMAT), at the expense of compromised osteoblast differentiation and bone formation (13). Comprehensive characterization of the epigenomic and transcriptional changes associated with osteoblast and adipocyte differentiation of BMSCs has shown that the inverse correlation between fate specification of BMSCs into osteoblast versus adipocyte lineages is regulated by a large and diverse network of transcription factors (14).

Expansion of BMAT is caused by the increase in adipocyte size and/or number and is defined as the proportion of the BM cavity occupied by the adipocytes (15). The expansion of BMAT in aging can lead to space limitation for other cells that are required for normal skeletal homeostasis, such as BMSCs, osteoblastic, or hematopoietic cells (16). In addition, factors that are secreted by Bone Marrow Adipocytes (BMAds) can also contribute to altered skeletal homeostasis after BMAT expansion, such as adipokines, RANKL, immune-regulatory and pro-inflammatory cytokines. Examples of BMAd-secreted factors that can regulate bone cell function include RANKL, adiponectin, leptin, legumain, and chemerin (17–19).

Age-related expansion of BMAT and osteoporotic bone loss are mediated through intrinsic and extrinsic mechanisms, such as cellular senescence within the bone microenvironment or age-related endocrine dysfunction.



Intrinsic mechanisms


Accumulation of senescent cells

Aging is associated with accumulation of senescent cells, due to diverse stress stimuli (e.g. shortening of telomeres, oncogenic or metabolic insults), causing the cell to enter a state of irreversible growth arrest (20). Senescence is also associated with different cellular alterations including changes in chromatin organization, gene expression (e.g. increased expression of cell cycle regulators/tumor suppressors such as p16Ink4a and p53), mitochondrial dysfunction, and resistance to apoptosis, reviewed in (21, 22). In addition, a key feature of senescent cells is development of a distinctive secretome, known as Senescence-Associated Secretory Phenotype (SASP), characterized by secreting high levels of pro-inflammatory cytokines, immune modulators, growth factors, and proteases, that can spread throughout the tissue, and further exacerbate the senescence and tissue dysfunction (23–29).

Murine studies using the SAMP6 model had shown that accelerated senescence is associated with enhanced adipogenesis and inhibited osteoblastogenesis within the bone microenvironment, leading to compromised bone formation and decreased bone mass (30). Analysis of human bone specimens had shown presence of senescence microenvironment in the bone tissue obtained from old individuals compared to young control subjects, evidenced by increased expression of p16Ink4a and p21 (31). Furthermore genetic depletion of senescent cells, using the inducible INK-ATTAC ‘suicide’ transgene that eliminates the p16Ink4a expressing cells, in a murine pre-clinical model of age-related osteoporosis, exhibited anti-resorptive and anabolic impact on bone, leading to decreased BMAT and increased bone mass (32).

Aging is also accompanied with increased levels of Reactive Oxygen Species (ROS) and oxidative stress in the bone microenvironment, leading to impaired osteoblast differentiation and function, and enhanced adipocyte differentiation (33). It was shown that presence of the antioxidant agent Resveratrol in the cultures of human BMSCs obtained from old individuals enhances differentiation and function of osteoblasts and inhibits formation of BMAds (34). In addition, in vivo murine studies using irradiation or physiological aging models, in which increased levels of ROS within the bone microenvironment are associated with expansion of BMAT and compromised skeletal homeostasis, indicated that antioxidant agents Dasatinib and Quercetin reduced BMAT and enhanced bone formation, by decreasing the ROS levels and senescent cells (35). These studies provide strong evidence for use of antioxidants as a promising approach for preventing age-related bone loss and osteoporosis.

Few studies have reported that senescence can be regulated via transcription factors (36, 37). Forkhead box rotein P1 (FOXP1) is involved in transcriptional control of BMSC senescence, and its expression levels had been shown to decline with aging, and inversely correlate with p16Ink4a expression. Mouse genetic studies had shown that conditional depletion of Foxp1 in BMSCs leads to premature aging, bone loss, and increased BMA via Foxp1 interactions with different members of C/EBP family proteins, such as C/EBP β/δ, which are key modulators of adipogenesis (38). Another study in aged mice revealed that senescence is associated with down regulation of expression of osteoblast transcription factors such as Runx2 and Dlx5, leading to impaired osteoblastogenesis and enhanced adipogenesis of BMSCs via up-regulation of adipocyte-specific transcription factor PPAR-γ (39). Furthermore, an in vivo study using murine irradiation model indicated the increased burden of senescence in bone cells from day 1 to day 7 after irradiation (evidenced by increased expression of p21), followed by expansion of BMAT starting at day 7 and continuing until day 42 post irradiation (35). This study also indicated a direct correlation between the increased senescence burden in the bone tissue and up-regulation of mir-27a, which is known to be involved in obesity and regulation of adipose-tissue related transcription factors (40). These studies provide strong evidence for role of senescent microenvironment in expansion of BMAT.



DNA damage

DNA damage can be caused by exogenous factors such as Ionizing Radiation (IR), chemotherapeutic agents, and Ultraviolet (UV) light exposure, as well as endogenous factors such as ROS that are generated by mitochondria in the process of ATP production (41). These factors have been shown to cause impairment of osteoblastogenesis, and enhanced adipogenesis within the bone microenvironment. Pre-clinical and clinical studies have shown that cancer treatment using IR or chemotherapy leads to significant expansion of BMAT, which may contribute to the progressive bone loss in cancer survivors (42–44). In addition, it is shown that aging is associated with an intrinsic defect in osteoblasts, due to accumulation of DNA damage, leading to decreased osteoblast number, compromised osteoblast function, and induction of osteoclast formation (45). This study employed young (6 months) and old (20-24months) Osx1-Cre; TdRFP-mice and showed that the number of TdRFP-Osx1 cells are decreased by 50% in the BM of old male and female mice as compared to young mice. The TdRFP-Osx1 cells obtained from old mice also exhibited increased levels of DNA damage and senescence markers, such as formation of γ-H2AX foci, phosphorylation of p53, and G1 cell cycle arrest. BMSCs obtained from old mice also exhibited increased expression of SASP markers, leading to increased osteoclast formation, as well as increased expression of the adipogenic transcription factor PPAR-γ (45).

Murine studies using radiation-induced osteoporosis had indicated that accumulation of DNA damage leads to significant increase in the percentage of adipocytes within the BM. In addition, proteosome inhibitors or sclerostin neutralizing antibody reduced the BMA and prevented the trabecular bone structural deterioration post-radiation, via induction of DNA-repair (at least partially) (46, 47).

Although these studies provide evidence for the role of DNA damage in expansion of BMAT, the exact underlying mechanisms are not fully understood. However, induction of senescence (35) and the altered expression of genes involved in regulating the fate specification of BMSCs toward osteoblast and adipocyte lineages are among possible mechanisms. In addition, these studies suggest that mitigation of DNA damage can be employed as an approach for reducing BMA and improving the bone architecture post radiation.




Extrinsic mechanisms involved in age-related bone loss and BMAT expansion

Extrinsic factors such as disrupted hormonal status, malnutrition, and reduced physical activity, have an important role in disturbed skeletal homeostasis in aging, leading to inhibited bone formation and enhanced bone resorption (48).


Endocrine Aging

Bone growth and maintenance of the skeleton is regulated via different endocrine factors (hormones) such as estrogens and androgens (49, 50). Fuller Albright proposed 70 years ago, that osteoporosis in women was caused by estrogen deficiency (51) and that bone loss induced via ovariectomy in women can be reversed by estrogen therapy (52). Estrogen is involved in molecular signaling in bone and regulation of BMAds (53–55) as estrogen is a positive regulator of osteogenesis through activation of estrogen receptor (ER)-dependent cytoplasmic kinases, BMPs and Wnt signaling (56, 57).

Testosterone exhibits an anabolic impact on bone formation in the periosteal surface in mice (58), and that oral administration of testosterone reduces the accelerated bone loss in orchiectomized mice (59). Gradual reduction in the testosterone levels in aging men are associated with reduction in bone mass (60, 61), and osteoblast dysfunction (62). In a clinical study of 350 men between the ages of 20-90 years, the levels of bioavailable testosterone were decreased by 64%, and bioavailable estrogen by 47% in old versus young individuals. This study also indicated that age-related bone loss in men is associated with decline in testosterone as well as estrogen (63). Another human study investigated the impact of endogenous estrogen and testosterone production on bone, using 59 elderly men and demonstrated that estrogen is the dominant sex-steroid hormone protecting men from age-related bone resorption, whereas both hormones of estrogen and testosterone are critical for bone formation (64).

Several mechanisms have been proposed to be involved in mediating the direct/indirect roles of estrogen deficiency in accelerated bone loss. Estrogen deficiency is involved in increased expression of pro-inflammatory cytokines in the bone microenvironment such as TNFα, IL1, IL-6 and receptor activator of RANKL/OPG/RANK system that regulates osteoclast differentiation (65–67). Estrogen deficiency also leads to decreased production of endogenous antioxidants (68, 69), which together with the elevated ROS production and the senescence microenvironment observed during aging or in obese mice and human, can lead to significantly increased levels of oxidative stress in the bone microenvironment (70, 71).

Studies using ovariectomized rats and postmenopausal women revealed increased bone turnover in response to estrogen deficiency, i.e. increased bone resorption and bone formation, manifested by increased number of osteoblast precursors, osteoblast proliferation and increased osteoblast number (72, 73). However, the increased bone formation levels are not enough to account for the bone loss due to elevated bone resorption, thereby leading to bone loss.

An interesting question that has been raised is whether the biological sex has an impact on the expansion of BMAT during aging? Griffith et al, investigated BMD and BMAT in the lumbar spine of 259 healthy subjects (145 females, 114 males; age range: 62-90 years) using MR spectroscopy of L3 vertebral body, and revealed that in males, BMAT increases gradually throughout life, whereas in females, BMAT increased between 55 and 65 years (74). BMAT in the vertebral bones in females with the age of more than 60 years increased by nearly 10% higher compared to age-matched males, indicating the positive impact of estrogen deficiency on BMAT expansion. In addition, human studies have shown that aging and loss of steroid hormones make women more vulnerable to the negative impacts of BMAT on loss of trabecular bone at the spine and femoral neck, and greater loss of spine strength (75), while in men vertebral BMAT is significantly increased with osteoporosis (76). Table 1 provides a summary of several clinical and preclinical studies related to association of endocrine aging and BMAT.


Table 1 | Summary of several clinical and preclinical studies related to investigating the association of endocrine aging and BMAT expansion .



Another question that has been raised recently is whether gender-affirming interventions have an impact on bone microstructure and BMA?

Gender-affirming interventions using hormone therapy or surgery aim to align the physical characteristics with an individual’s gender identity (85). Bretherton et al. recently employed high-resolution peripheral quantitative computed tomography of the distal radial and tibial microarchitecture and showed that trans men have normal bone microarchitecture as compared to cis female controls, whereas trans women had deteriorated bone microarchitecture compared to cis male controls (86). In addition, Nasomyont et al. showed lower bone mass acquisition and greater increases in BMAT indices in Transgender and Gender Non-Conforming (TGNC) youth after 12 months of pubertal suppression with gonadotropin-releasing hormone agonists (87). Additional investigations are required to establish the impacts of gender-affirming interventions on bone and BMA, and the related underlying mechanisms, also in the context of aging, obesity, and diabetes.




Obesity and diabetes


Bone fragility and microstructural changes in BM associated with T2D

Aging, osteoporosis and metabolic diseases such as obesity and diabetes robustly affect microstructural changes in the BM and contribute to impairment of bone homeostasis, which leads to higher risk of bone fractures (88, 89). The altered cellular landscape and molecular networks within the bone microenvironment in obesity and diabetes induce changes in trabecular and cortical bone volume or increased amount of BMAT, leading to a detrimental effect on bone quality and strength.

Osteoporosis and aging are characterized with decreased BMD, along with increased BMAT and accompanied by increased resorption activity in the BM in mice and humans (90, 91). Metabolic complications associated with impairment of glucose homeostasis have been shown to contribute to higher risk of bone fractures and accelerate the manifestation of bone fragility and osteoporosis. Previous studies in mice and humans under High Fat Diet (HFD) condition have reported increased BMAT formation evaluated by measurement of BMAT volume, BMAd size and number (70, 92–98), which was correlated with increased, unchanged, or decreased BMD in mice depending on the employed diabetic model (T1D or T2D) (70, 71, 94, 95, 99), but associated with a higher risk of fractures. Therefore, recent studies have focused on the design of experiments to include measurement of BMAT parameters in relation to bone fragility. Indeed, our recent study using T2D diabetic animal model (HFD in combination with streptozotocin) confirmed the expansion of BMAT in T2D mice along with decreased bone volume, which contributed to the delayed bone healing in monocortical fracture model (100).

Interestingly in humans, obesity is associated with increased BMD in children and adults (89, 101, 102). Along with this finding, several clinical studies including ours have noted reduced bone turnover in patients with metabolic diseases (71, 103). Paradoxically, there are also clinical studies suggesting that women and men with high BMI and T2D may be protected from osteoporosis, due to increased BMD (104–109). These clinical studies are summarized in Table 2. The mechanisms underlying the higher bone mass but reduced bone turnover in patients with obesity and T2D were partially explained by our clinical study in obese subjects that revealed hypermetabolic status of BMSCs and accelerated senescent BM microenvironment contributing to the bone fragility (71). These changes lead to impairment of the bone material properties and increased cortical porosity in T2D (126). However, further follow up studies are needed to collect more clinical data on bone microstructural parameters along with BMAT volume in relation to bone quality in specific target groups of patients, to better predict the fracture risk.


Table 2 | Clinical studies investigating effect of obesity and diabetes on bone in men & women.



Human studies had shown that expansion of visceral fat is associated with enhanced adipocyte formation in the BM microenvironment in osteoporotic obese women (97). Furthermore, BMAT was shown to be expanded in the bone biopsies from overweight and obese subjects compared to healthy age-matched individuals (127). Similarly, BMSCs obtained from obese men exhibited enhanced adipocyte differentiation and accelerated senescence phenotype that would contribute to the skeletal fragility in obesity (71). T2D is another risk factor in skeletal fragility and osteoporosis in aging men and postmenopausal women (128–130), despite the increase in BMD or independent of BMD (131, 132). The combination of obesity and T2D were shown to exhibit higher serum insulin levels and BMA at the lumbar spine and femoral metaphysis compared to the subjects without T2D. In addition, it is shown that lumbar spine BMD is inversely associated with the lumbar adiposity in adults with morbid obesity, and that morbid obesity and T2D exhibits a higher BMA than non-diabetic controls of similar weight (98). In agreement with these observations, Sheu et al. reported that in 38 old diabetic men there was a higher vertebral BMA, spine and hip BMD and a higher fracture risk when compared to control men without diabetes (133).

Fazeli et al. examined how human BMAT responds to acute nutrient changes by employing 10 days of high calorie protocol followed by 10 days fasting protocol. This study indicated a significant increase in vertebral BMAT after high calorie feeding and fasting, and that high calorie feeding up-regulated the inflammatory marker TNFα in BMAds, which was decreased upon fasting (134).

Kim et al., reported that BMAT levels were reduced after bariatric surgery in obese T2D patients compared to the obese non-diabetic individuals, and that there was an inverse correlation between the changes in BMAT in lumbar spine and femoral neck and spine BMD (135). In addition, 6 weeks of low calorie diet was reported to induce weight loss in obese T2D subjects (19 women and 10 men) together with decrease in vertebral BMA (136).

Pre-clinical studies using murine models have also provided evidence for impact of obesity and diabetes on BMAT and bone mass. HFD-induced-obesity using C57Bl/6J male mice, was reported to lead to enhanced adipocyte differentiation of BMSCs, associated with increased in vivo BMAT volume and decreased trabecular and cortical bone mass (70). Another in vivo study in male C57Bl/6J mice reported that HFD-induced obesity and T2D compromised the skeletal macro- and micro-architecture of the bone (137). In addition, increased bone resorption is also shown to contribute to the reduced bone mass and strength in a pre-clinical obese-diabetic mouse model (138).

Transition of metabolic status from obesity to insulin resistance and T2D is accompanied with changes in glucose, insulin and circulating lipid levels, as well as changes in inflammatory pathways and hormonal alterations. The relative contribution of each of these factors to the expansion of BMAT, compromised bone quality, and skeletal fragility remain unclear. In addition, the length of exposure to obesogenic and diabetic conditions has an impact on the effect of these conditions on the bone microstructure in mice and humans. Therefore, it is important to include more longitudinal studies to investigate the changes of bone and BMAT parameters measured at several timepoints, in order to better understand the impact of different elements of obesity and T2D on the bone quality and strength and to determine the parameters that can be employed for predicting the risk of fracture.



Role of BMSC dysfunction and BMAds in pathogenesis of increased bone fragility in obesity and T2D

Although different mechanisms have been proposed to be involved in pathogenesis of bone fragility in obesity and T2D, the underlying cellular and molecular events are not yet fully understood. Impaired BMSC function and differentiation is one of the key mechanisms that is suggested to have role in expansion of BMAT and decreased bone mass and quality in obesity and T2D, thereby leading to increased skeletal fragility during aging.

Increased levels of oxidative stress and senescence within the bone microenvironment in obesity and T2D are among factors that can contribute to BMSC dysfunction, and a shift in BMSC differentiation phenotype, favoring adipogenesis than osteogenesis (139–142).

BMSCs from obese subjects are shown to exhibit a hypermetabolic state and a shift of molecular phenotype towards adipocyte progenitors, together with altered expression of genes involved in metabolic regulation, such as glycolysis and oxidoreductase activity. The hyper-metabolic state of BMSCs in obesity is associated with increased abundance of leptin receptor and insulin receptor positive cells and an accelerated senescence phenotype and increased ROS production (71). Leptin and leptin receptor signaling promotes adipogenesis in the BM, in response to HFD (143). In addition, insulin receptor signaling is reported to be increased under oxidative stress condition, associated with cellular senescence phenotype (144).

The above-mentioned studies provide evidence for the role of cell autonomous defects in BMSCs in pathogenesis of bone fragility in obesity and T2D. However, Devlin et al. employed the male TALLYHO/JngJ murine model of T2D and indicated that in the context of early onset T2D, impaired bone formation and the consequent skeletal deficits are due to the altered bone microenvironment, but not the cell autonomous defects in BMSCs (145).

Increasing evidence has shown that BMAds may also play an important role in altered bone microenvironment in obesity and T2D (146–148). BMAds secrete a number of adipokines and cytokines that affect bone cell functions directly or indirectly, e.g. through modulation of inflammation within the bone microenvironment (149).

IL-6 is one of the cytokines that is secreted by BMAds and increases osteoclast formation and bone resorption, thereby leading to decreased BMD in men and women (150, 151). IL-6 enhances osteoclastogenesis by stimulating the expression of RANKL on stromal/osteoblastic cells (152), and also by direct support of osteoclast formation through RANKL-independent mechanisms (153).In addition, Li et al. revealed that IL-6 KO mice are protected against HFD-induced trabecular bone loss, and the associated BMSC senescence and BMAT expansion (154). BMAd-derived factors that can affect skeletal homeostasis are reviewed by Aaron et al. (155).



Can the deleterious effects of obesity and T2D on the skeleton be accelerated by postmenopausal estrogen deficiency?

In post-menopausal women, obesity is another accompanying complication besides estrogen deficiency that affects energy homeostasis and metabolism of bone and adipose tissue (156). Menopause is associated with shift in BMSCs phenotype towards adipogenesis, reduced osteogenesis, increase in the osteoporotic bone phenotype and fracture risk (157–160). Possible mechanisms of deleterious effects of estrogen deficiency on bone metabolism is discussed above (Endocrine aging and Table 1). Combination of estrogen deficiency and obesity includes a chain of pathologic events, leadingto disturbed skeletal homeostasis that further contribute to the accelerated aging of BMSCs and compromised bone regeneration and increased fracture risk (161). Several clinical studies in postmenopausal women (presented in Table 2) have however shown that obese postmenopausal women exhibit increased BMD, that is paradoxically associated with increased bone fragility and fracture risk, whereas the status of BMA is not evaluated in these studies (116, 162).




Interventions to reduce BMA, enhance bone mass, and reduce bone fragility

To reverse the detrimental effects of metabolic complications on bone fragility, various interventions have been applied including diet, exercise, or pharmacological treatment. However, in many of these studies there is limited information on BMAT changes in relation to bone and energy metabolism, especially in human studies, as the evaluation of BMAT (fat content in BM) is not a common clinical practice.


Nutritional intervention

A “Bone Healthy Diet” should contain the nutritional components that are required for normal skeletal homeostasis, such as calcium, vitamin D, vitamin C, vitamin K, vitamin A, protein, and phytoestrogens, that help enhancing BMD and reduce bone loss (163).

1,25 dihydroxy vitamin D is the active form of vitamin D, and its main function in bone is to modulate osteoblast proliferation, differentiation, and providing suitable microenvironment for bone mineralization. Presence of calcitriol in aging osteoblast cultures revealed enhanced osteoblastic function (164). Different mechanisms of action have been proposed for the effect of vitamin D on osteoblast differentiation and bone formation (165, 166). Many studies have revealed the significance of Vitamin D deficiency in inducing bone loss, osteoporosis, and affecting the function of skeletal muscle. It is shown that vitamin D restricted diet (for 28 days) leads to decreased bone mineral content and muscle mass in ovariectomized rats challenged with HFD (167). Vitamin D deficiency in the elderly people causes secondary hyperparathyroidism and increased risk of hip fracture (168), as low circulating levels of vitamin D increases parathyroid hormone (PTH) levels, which induce bone resorption and bone loss in elderly subjects (169–171). Vitamin D combined with calcium is also used to prevent osteoporosis (172).



Is there a connection between vitamin D and BMA regulation?

Calcitriol has shown anti-adipogenic effects in cultures of 3T3-L1 cells (173, 174) as it inhibits the transactivation capacity of PPARγ, through Vitamin D Receptor (VDR) signaling. VDR could inhibit PPARγ transactivation activity, by competing for binding to their common heterodimer partner RXR (175). In VDR null mice, the BMSCs exhibited high expression of PPARγ, along with higher expression of DKK1 and SFRP2, that are inhibitors of the pro-osteogenic canonical Wnt signaling pathway, and the expression of these Wnt inhibitors was downregulated by calcitriol in wild-type BMSCs, in the absence or presence of adipogenic inducers (176). Similar results were observed in human BMSCs (177).

Anti-adipogenic effect of vitamin D is also observed in femur-derived mouse BMSCs and is mediated through inhibiting the expression of aP2 and adipsin (178). Vitamin D3 supplementation is recommended upon aging (179) and leads to increasing the circulating IGF-1 levels (180). Increasing the levels of circulating IGF-1 may help in counteracting the age associated BMAT expansion (181, 182). Thus, these in vitro and in vivo studies suggest that vitamin D signaling may contribute to the regulation of BMA. However, more clinical investigations are required to directly examine the effect of vitamin D supplementation on BMA in human, and to assess the correlation between vitamin D levels, BMAT volume, and fracture risk.



Lifestyle factors

Creating awareness and understanding of the lifestyle factors that may delay the aging bone phenotype is crucial. One of the most important lifestyle factors is the physical activity (114). Physical activity leads to strengthening of the hip and spine due to skeletal loading and inducing bone formation at the stressed skeletal sites (183).

Styner et al. employed a murine model (4 weeks old female C57BL/6 mice) to investigate the impact of running exercise on the obesity associated BMAT and whether this is associated with increased bone quantity and quality (184). The study showed that BMAT was increased by 44% in diet-induced obesity measured by osmium-µCT, whereas exercise was associated with reduced BMAT (–48%), as well as increased trabecular bone volume (+19%), and higher bone stiffness in obese mice

The anti-diabetic drug, rosiglitazone, which is a PPARγ-agonist, is known to significantly increase BMA and fracture risk. It is shown that physical exercise significantly lowers BMA in rosiglitazone-treated male C57Bl/6J mice (185).

A randomized clinical trial investigated the effect of exercise on BMA in forty patients with chronic non-specific low back pain, and revealed that lumbar vertebral fat fraction was lower post exercise in these patients compared to the baseline (186). Chronic alcohol consumption is another risk factor in osteoporotic-bone loss associated with increased BMA (187). It is shown that 3 months of chronic alcohol consumption in the diet of 4-week-old male Sprague-Dawley rats leads to skeletal abnormalities together with increased BMA.




Pharmacological treatment

Several drugs have been developed to improve bone parameters in metabolic bone diseases. Additional challenge in treatment of bone diseases is now to reduce BMAT volume, which may lead to increased bone mass and strength, together with decreased risk of bone fracture.

Several antidiabetic drugs have been tested in clinical settings for treatment of metabolic bone disease, including insulin-sensitizers such metformin, modified TZD analogs (PPARγ-independent), inhibitors of inflammatory molecules such as DPP4 (dipeptidyl peptidase-4). Ambrosi et al. has reported that DDP4 inhibition (secreted from adipocytes and increased with obesity in bones) in mouse model of obesity improved bone parameters and decreased BMAT (146). Similar results have been demonstrated in OVX female mice treated with DPP4 inhibitor (188). Clinical studies using DDP4 inhibitor, sitagliptin, showed improvement of bone turnover markers and decreased fracture risk in diabetic patients (189, 190).

Studies using metformin treatment in rodents and humans showed positive results or no changes in bone parameters suggesting that metformin might have a positive effect on bone metabolism in diabetic conditions, depending on the other medical complications associated with diabetes and length of disease manifestation. However, BMAT parameters were not evaluated in these conditions (191). Human studies of the Rochester cohort suggest that metformin decreases fracture risk in T2D patients (hazard ratio 0.7) (192). Although the ADOPT studies did not demonstrate beneficial effects of metformin on fracture risk (193), they showed decreased levels of bone resorption marker CTX and, contrary to the animal studies, decreased levels of bone formation marker P1NP (194). In a large case-control study metformin utilization was also associated with a reduction in the risk of fractures (195). In contrast, there are case control studies in which no association was observed between treatment with the insulin-sensitizing drug metformin and incidence of bone fractures in T2D patients (196).

In order to decrease the negative side effects of TZDs, novel TZD analogs with PPARγ independent effect on glucose metabolism have been developed. Stechschulte et al., reported that post-translational modifications of PPARγ at S112 and S273, which influence PPARγ pro-adipocytic and insulin sensitizing activities, improved bone parameters and decreased BMAT in lean and obese mice (197). Blocking PPARγ only at S273 by SR10171 had a beneficial effect on trabecular and cortical bone while maintaining its metabolic effect on glucose metabolism.

Another TZD analogue, with PPARγ independent affinity, MSDC-0602 has been reported to have a beneficial effect on bone parameters by decreasing osteoclast activation and BMAT formation in lean aged mice, while keeping its insulin sensitizing features (198). This drug is in clinical trial 2b (199).

Another category of pharmacological treatment used as anti-aging drugs has been tested to improve bone parameters and decreased bone fragility (e.g. resveratrol). Our recent study showed that resveratrol has anti-adipogenic effect along with decreased senescence in primary BMSCs isolated from patients with osteoporosis (34), which was also confirmed in animal studies with OVX rats (200, 201). However, the clinical relevance of these findings has not yet been investigated.

Sclerostin (SOST), osteocyte-secreted biomolecule with a negative impact on bone homeostasis (as it is an inhibitor of Wnt signaling), has become a potential drug target for anabolic treatment of diverse bone loss states (202). SOST circulating levels are increased with obesity, aging, and osteoporosis (203). Thus, neutralizing antibodies against sclerostin (SostAb) have been developed for testing its potential in clinical use to decrease bone fragility in osteoporosis and obesity. Using SostAb in animals showed improvement in fracture healing in diabetic mice (204) and OVX rats (205, 206). SostAb treatment in T2D rat models has also been shown to improve bone mass and strength (207). Clinical trials with SostAb have shown promising results with improvement of bone density and bone strength in postmenopausal women (208–210) Therefore, SostAb seems to be a promising osteoanabolic drug for treatment of skeletal fragility observed in osteoporosis, obesity and T2D (211). However, these clinical studies did not evaluate the effects of SostAb on BMAT. Recent studies in animal models suggest that SostAb may revert negative effect of rosiglitazone-induced increased BMAT in BM (212) and thus confirms its impact on adipogenesis of BMSCs (213).


Antiresorptive treatments

Several antiresorptive agents including bisphosphonates, or RANKL antagonist, denosumab have been proven to safely reduce fracture risk in various high-risk populations (214, 215). They are recommended as first-line therapy for patients with osteoporosis. However, using antiresorptive drugs in treatment of osteoporosis in T2D patients might not be the perfect choice as patients with metabolic diseases (obesity, insulin resistance or T2D) have decreased bone turnover and their use would just further diminish the bone homeostasis. In addition, a recent clinical study showed that denosumab-treated patients had improved HbA1c similar to the effect of other anti-diabetic drugs, suggesting its possible insulin sensitizing effect (216). Clinical and animal studies have indicated beneficial effect of denosumab on insulin sensitivity, bone formation and muscle strength (217). However, its impact on BMAT volume has not been evaluated yet and more clinical investigations are needed to include this parameter to measure in their outcomes.




Conclusion and future perspectives

Increased accumulation of BMAT in bones has been recognized as a feature of aging bones associated with increased fracture risk. However, endocrine, and metabolic disturbances in organism such as hormone deficiency, obesity, and T2D can accelerate the detrimental changes in bone homeostasis and contribute to the early onset of osteoporosis and microstructural changes that compromise the bone strength (Figure 1.). Several mechanisms underlie these symptoms including transcription factors, DNA damage, ROS production, accumulation of senescent cells in BM microenvironment and secretion of bioactive molecules regulating function of BMSCs directing their fate towards BMAds. Using different animal models of osteoporosis and metabolic disorders, it has been shown that targeting senescent cells and regulation of hormonal levels can modulate the negative impact of expanded BMAT on bone loss fragility. More importantly, recent clinical interventions including patients with a broad range of age and complications reported that lifestyle modifications such as a special diet, caloric restriction, and physical activity may modulate BMAand improve bone parameters. However, more follow up studies are needed to evaluate the changes on bone structure and cellular modifications in real time at different timepoints, to establish the impact of such interventions on bone remodeling. Finally, including more imaging methods to evaluate bone and BMAT parameters in future clinical studies can facilitate further examination of the BMAT and its roles in skeletal fragility in the context of obesity and T2D in aging population, thereby providing novel therapeutic possibilities and also possibly, development of better approaches for estimation of fracture risk.




Figure 1 | Chronological aging in bone is associated with reduction in BMD, endocrine deficiency, DNA damage, inflammation, accumulation of senescence, BMA and osteoporotic bone phenotype while with metabolic diseases such as obesity and type 2 diabetes, bone phenotype is associated with increased in BMD, cellular hypermetabolism, stem cell exhaustion, accumulation of senescence, inflammation, BMA and osteoporotic bone phenotype. Both conditions (aging vs metabolic diseases of obesity and T2D) result in BMSCs dysfunction leading to differentiation imbalance decreasing osteogenesis, increasing adipogenesis, BMA and bone fragility.
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Bone marrow adipose tissue (BMAT) levels are higher in distal femur metaphysis of female mice housed at thermoneutral (32°C) than in mice housed at 22°C, as are abdominal white adipose tissue (WAT) mass, and serum leptin levels. We performed two experiments to explore the role of increased leptin in temperature-enhanced accrual of BMAT. First, we supplemented 6-week-old female C57BL/6J (B6) mice with leptin for 2 weeks at 10 µg/d using a subcutaneously implanted osmotic pump. Controls consisted of ad libitum (ad lib) fed mice and mice pair fed to match food intake of leptin-supplemented mice. The mice were maintained at 32°C for the duration of treatment. At necropsy, serum leptin in leptin-supplemented mice did not differ from ad lib mice, suggesting suppression of endogenous leptin production. In support, Ucp1 expression in BAT, percent body fat, and abdominal WAT mass were lower in leptin-supplemented mice. Leptin-supplemented mice also had lower BMAT and higher bone formation in distal femur metaphysis compared to the ad lib group, changes not replicated by pair-feeding. In the second experiment, BMAT response was evaluated in 6-week-old female B6 wild type (WT), leptin-deficient ob/ob and leptin-treated (0.3 μg/d) ob/ob mice housed at 32°C for the 2-week duration of the treatment. Compared to mice sacrificed at baseline (22°C), BMAT increased in ob/ob mice as well as WT mice, indicating a leptin independent response to increased temperature. However, infusion of ob/ob mice with leptin, at a dose rate having negligible effects on either energy metabolism or serum leptin levels, attenuated the increase in BMAT. In summary, increased housing temperature and increased leptin have independent but opposing effects on BMAT in mice.
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Introduction

Bone marrow adipose tissue (BMAT) is a fat depot spatially confined within the skeleton. The resident adipocytes are derived primarily from bone marrow mesenchymal stem cells. As reviewed (1–4), BMAT differs from other adipose depots in that the density and spatial distribution of adipocytes can vary dramatically within and among bones and adipocytes are interspersed among many other cell populations, including hematopoietic lineage cells. The function and regulation of BMAT is incompletely understood but has received considerable recent attention, particularly in regard to its role as a potential regulator of bone metabolism (5, 6). In rodents, conditions such as diet-induced obesity, chronic heavy alcohol consumption, severe caloric restriction and microgravity have been reported to result in increased BMAT. Notably, the same conditions are often associated with decreased osteoblast differentiation and/or activity, and bone loss (7–10). Mechanistically, some investigators have hypothesized that differentiation to adipocytes at the expense of osteoblasts and/or production of adipocyte-derived adipokines lead to a negative bone turnover balance (11, 12). However, a negative relationship between BMAT levels and osteoblasts is far from universal (6, 13–15) and, when the relationship occurs, causality has not been established. In total, the experimental evidence to date does not strongly support a deterministic model where reducing BMAT will invariably lead to increased bone mass (1).

Mice are commonly used as a mammalian model organism, in part because of their diminutive size, relatively short lifespan and ease of genetic manipulation. However, skeletal adaptations do not scale linearly with body size (16). In addition to being physically small, mice are daily facultative heterotherms and have a thermoneutral zone that is much higher than in humans (17). One outcome of this difference in thermoregulation is that mice housed at room temperature (~22°C) experience cold stress. Adaptation to chronic cold stress is recognized to have profound physiological effects that influence disease processes (18, 19). In contrast to larger rodents and humans, male and female mice lose cancellous bone in femur and lumbar vertebra well before growth has ceased (20). We have shown that cold stress induced by room temperature housing contributes to, and may be fully responsible for, premature cancellous bone loss in mice. Additionally, cold stress in growing mice results in compartment-specific reductions in bone accrual, reduced leptin levels, and decreased accrual of BMAT (21, 22).

There is strong circumstantial evidence that the adipokine leptin is an important negative regulator of BMAT in mice (23). Compared to C57BL/6J (B6) wild type (WT) mice, bone growth and turnover are lower and BMAT higher in long bones of leptin-deficient ob/ob mice (24–28). Furthermore, treatment of ob/ob mice with leptin by either intracerebroventricular or subcutaneous delivery normalizes bone growth and turnover and reduces BMAT levels (23, 25, 29, 30). On the other hand, there are circumstances where elevated leptin is associated with increased BMAT. For example, compared to mice housed at 22°C, housing B6 female mice at 32°C results in increases in serum leptin and BMAT (31). Additionally, high blood leptin levels in obese rodents are associated with increased BMAT (32). These discrepant findings, where higher levels of leptin can be associated with either increases or decreases in BMAT, suggest that environmental temperature has actions on BMAT that do not require leptin.

To better understand the role of leptin as a potential mediator of the response of BMAT to changes in environmental temperature, we performed 2 experiments where we measured BMAT 2 weeks following transfer of mice housed at room temperature (22°C) to near thermoneutral (32°C) housing. It is challenging to house mice at true thermoneutral because the thermoneutral point differs by several degrees between the dark and light photo periods (33). However, a constant temperature of 30-32°C approximates the midrange of thermoneutrality and was shown to prevent cold stress-induced cancellous bone loss in male and female mice as well as result in increased BMAT in female mice (21).

In the first experiment, we supplemented 6-week-old female B6 WT mice with leptin, administered for 2 weeks using a subcutaneously implanted osmotic pump, at 10 µg/d. Controls consisted of ad libitum (ad lib) fed mice and mice pair fed to match food consumption of leptin-supplemented mice. In the second experiment, BMAT response was evaluated in 6-week-old female B6 WT, leptin-deficient ob/ob and leptin-treated (0.3 μg/d) ob/ob mice housed at 32°C for the 2-week duration of treatment.



Materials and methods

The experimental protocols were approved by the Institutional Animal Care and Use Committee at Oregon State University in accordance with the NIH Guide for the Care and Use of Laboratory Animals.


Experiment 1: Effects of leptin supplementation on food intake, body composition, bone and bone marrow adiposity in female B6 mice

Six-week-old female B6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). We chose 6-week-old mice because this age corresponds to near peak cancellous bone volume fraction in femur in the B6 female (20). The animals were placed at 32°C upon arrival and maintained individually housed on a 12 h light:12 h dark cycle. Near thermoneutral housing was used to prevent cold stress associated with subthermoneutral housing (e.g., standard room temperature, ~22°C) (31, 34). The mice were randomized by weight into one of 3 treatment groups: (1) ad lib (n=16), (2) leptin-supplemented (leptin) (n=9), or (3) vehicle-treated and pair-fed to leptin (pair-fed) (n=10) (Figure 1). Mouse leptin (10 µg/d, equivalent to 400 ng/h; 498-OB-05M, R&D Systems, Minneapolis, MN) or vehicle (20 mM Tris-HCL, Invitrogen, Carlsbad, CA) were delivered via subcutaneously implanted osmotic pumps (Alzet Model 1002, Durect Corporation, Cupertino, CA) to leptin and pair-fed mice, respectively as described (35). Food (Teklad 8604, Harlen Laboratories, Indianapolis, IN) and water were provided ad libitum to the ad lib and leptin-supplemented mice. The pair-fed mice were calorically restricted to match food intake of the leptin-supplemented mice. These mice also served as vehicle-treated surgery controls. We did not include B6 mice housed at 22°C as an additional control because a pilot study (data not shown) revealed no change in BMAT. Food intake was recorded daily for the 2-week duration of treatment. Body weight was recorded 2 days prior to implant surgery, on day of implant surgery (only mice undergoing surgery were weighed), and on days 4, 11, and 14 (necropsy) post-surgery. Calcein was administered at 4 and 1 d prior to necropsy to label mineralizing bone. Mice were fasted overnight and dual energy x-ray absorptiometry (DXA) was performed prior to necropsy. For tissue collection death was induced by cardiac exsanguination. Abdominal white adipose tissue (WAT) – perigonadal, mesenteric, perirenal, retroperitoneal – was excised and weighed. Samples of perigonadal WAT were stored in RNAlater for evaluation of gene expression. Interscapular brown adipose tissue (BAT) was also excised and stored in RNAlater for evaluation of gene expression. Femora were removed, fixed for 24h in 10% buffered formalin and stored in 70% ethanol for histomorphometric analysis. Tibiae were frozen in liquid nitrogen and stored at −80°C for analysis of gene expression.




Figure 1 | Experimental design.





Experiment 2: Effects of leptin on body composition and bone marrow adiposity in leptin-deficient ob/ob female mice

Six-week-old female B6 WT mice and ob/ob mice on a B6 background were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Following arrival, the B6 WT mice were randomized by weight into one of 2 groups: (1) baseline (n=8) and (2) no treatment control (n=9) (Figure 1). The ob/ob mice were randomized by weight into 3 groups: (1) baseline (n=7), (2) vehicle (n=8), or (3) leptin-treated (n=8). The baseline groups were sacrificed at the start of the experiment and treatment mice placed at 32°C. Mouse leptin (0.3 µg/d, equivalent to 12 ng/h; 498-OB-05M, R&D Systems, Minneapolis, MN) or vehicle (20 mM Tris-HCL, Invitrogen, Carlsbad, CA) were delivered via subcutaneously implanted osmotic pumps (Alzet Model 1002, Durect Corporation, Cupertino, CA) to leptin and vehicle mice, respectively. Infusion of leptin at 0.3 µg/d was shown to increase longitudinal bone growth and bone formation with minimal effects on hypothalamic gene expression in ob/ob mice (35). Food (Teklad 8604, Harlen Laboratories, Indianapolis, IN) and water were provided ad libitum to all groups. We did not include mice housed at 22°C as an additional control because a pilot study (data not shown) did not reveal a change in BMAT. As in Experiment 1, percent body fat (DXA) and abdominal WAT mass (perigonadal, mesenteric, perirenal, retroperitoneal) were recorded at necropsy. In addition, interscapular BAT was removed and stored in RNA later for evaluation of gene expression and femora were removed, fixed for 24h in 10% buffered formalin, and stored in 70% ethanol for histomorphometric analysis of bone marrow adiposity.



Dual energy absorptiometry

Total body bone mineral content (g), bone area (cm2), bone mineral density (g/cm2) and percent body fat were determined using DXA (PIXImus2, Lunar, Madison, WI) under isoflurane anesthesia immediately prior to necropsy.



Blood measurements

Serum leptin was measured using Mouse Leptin Quantikine ELISA Kit (R&D Systems, Minneapolis, MN), serum osteocalcin was measured using Mouse Gla-Osteocalcin High Sensitive EIA Kit (Clontech, Mountain View, CA), and serum Mouse C terminal telopeptides of type I collagen (CTX-1) was measured using ELISA kit (Life Sciences Advanced Technologies, St. Petersburg, FL) according to the respective manufacturer’s protocol. Intra-assay coefficient of variation (CV) for all ELISA assays were within the manufactures’ reported CVs of ≤ 5%.



Histomorphometry

The methods used to measure static and dynamic bone histomorphometry have been described, with modifications for mice (36). In brief, distal femora were dehydrated in a graded series of ethanol and xylene, and embedded undecalcified in modified methyl methacrylate. Longitudinal sections (4 µm thick) were cut with a vertical bed microtome (Leica 2065) and affixed to slides precoated with 1% gelatin solution. One section/animal was mounted unstained for measurement of fluorochrome labels and marrow adipocytes using ultraviolet illumination. All data were collected using the OsteoMeasure System (OsteoMetrics, Inc., Atlanta, GA) in the distal femur metaphysis (10x) and distal femur diaphysis (6.7x) (Supplemental Figure 1). The sampling site for the distal femoral metaphysis was located 0.25 – 1.1 mm proximal to the growth plate, averaged 0.92 mm2 in area, and excluded primary spongiosa and cortical bone. The sampling site for the distal femoral diaphysis was located 2.0 – 2.7 mm proximal to the growth plate, averaged 0.63 mm2 in area, and excluded cortical bone. Proper depth was identified by a characteristic v-shaped growth plate and parallel diaphyseal cortices approximately equal in width (Supplemental Figure 1).

Fluorochrome-based measurements of bone formation included mineralizing perimeter (mineralizing perimeter/bone perimeter: cancellous bone perimeter covered with double plus half single label normalized to bone perimeter, %), 2) mineral apposition rate (the distance between two fluorochrome markers that comprise a double label divided by the 3-day interlabel interval, µm/d), and 3) bone formation rate (bone formation rate/bone perimeter: calculated by multiplying mineralizing perimeter by mineral apposition rate normalized to bone perimeter, μm2/µm/y). All bone histomorphometric data are reported using standard 2-dimensional referents and nomenclature (37). Cell-based BMAT measurements included adipocyte area fraction (adipocyte area/tissue area, %), adipocyte number (#/mm2) and adipocyte size (µm2). Adipocytes were identified as large circular, oval or ellipsoid-shaped cells bordered by a prominent cell membrane; adipocytes are easily detected because ultraviolet absorption by lipid storage droplets is negligible due to alcohol extraction of intracellular lipids during processing. These cells can be appreciated as black ‘ghosts’ surrounded by a membrane in Supplemental Figure 1B. The size of each adipocyte was determined by outlining the cell perimeter; the OsteoMeasure software was used to calculate cell area. On average, we counted 55 adipocytes/mouse in the ROI in distal femur metaphysis and 17 adipocytes/mouse in the ROI in distal femur diaphysis.



Gene expression

Total RNA from BAT, WAT and tibia was isolated from 8 mice/group and individually analyzed. Whereas histomorphometry focused on a defined region of interest in femur, evaluation of gene expression included the entire tibia. Tibiae were pulverized with a mortar and pestle in liquid nitrogen and further homogenized in Trizol (Life Technologies, Grand Island, NY). BAT and WAT were directly homogenized in Trizol. Total RNA was isolated according to the manufacturer’s protocol, and mRNA was reverse transcribed into cDNA using SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Life Technologies). All quantitative polymerase chain (qPCR) reactions were done using Fast SYBR Green Master Mix (ThermoFisher), and relative quantification was determined using the ΔΔCt method.

qPCR for BAT Ucp1 gene expression was done using primers specific for mouse Ucp1 (For: GTGAAGGTCAGAATGCAAGC, Rev: AGGGCCCCCTTCATGAGGTC) and mouse 18S ribosomal RNA (Rn18s) (For: CCGCAGCTAGGAATAATGGAAT, Rev: CGAACCTCCGACTTTCGTTCT). Data represent average fold change normalized to Rn18S.

Expression levels for genes related to adipogenesis were determined for WAT and tibia using the Mouse Adipogenesis RT2 Profiler PCR Array (Qiagen). Gene expression was normalized using the averaged expression of Gapdh, Gusb, and Hsp90ab1 housekeeping genes, and relative quantification (ΔΔCt method) was determined using RT2 Profiler PCR Array Data Analysis software (Qiagen).



Statistical analysis


Experiment 1

Numerical outcome variables collected in female B6 mice that were supplemented with leptin or served as controls (ad lib-fed mice and mice pair-fed to match food consumption by leptin-supplemented mice) were compared using parametric one-factor analysis of variance or nonparametric Kruskal-Wallis tests. Group mean comparisons were made using the fitted analysis of variance linear model, Welch’s two-sample t-test, or Wilcoxon-Mann-Whitney tests.



Experiment 2

Linear models with 5 groups (untreated B6 WT or ob/ob mice housed at 22°C, untreated B6 WT mice housed at thermoneutral temperature, and ob/ob mice receiving leptin at 0.3µg/day or a vehicle control housed at thermoneutral temperature) were used to evaluate the effects of housing temperature and leptin supplementation on BMAT.



Experiments 1 and 2

Residual analysis and Levene’s test were used to assess homogeneity of variance and normality. Adjustment for multiple comparisons was made by setting the maximum false discovery rate equal to 5% (38). Differences were considered significant at false discovery rate adjusted p-value ≤ 0.05. All data are presented as mean ± SD. Data analysis was performed using R version 4.1.2.





Results


Experiment 1: Effects of leptin supplementation on food intake, body composition, bone, and bone marrow adiposity in female B6 mice

The effects of leptin supplementation and pair feeding on food intake, body composition, serum leptin, and Ucp1 gene expression in BAT are shown in Figure 2. Food intake (panel A) decreased over time in all groups; leptin-supplemented and pair-fed mice consumed less food/day than ad lib-fed mice until day 7, after which food consumption did not differ among groups. Cumulative food intake (panel B) was lower in leptin-supplemented and pair-fed mice compared to ad lib mice. Body mass did not differ among treatment groups at any time point evaluated, including at termination of treatment (panel C). However, body mass change over the 14 days of treatment (panel D) was lower in leptin-supplemented and pair-fed mice compared to ad lib mice and tended (p = 0.06) to be lower in leptin-supplemented compared to pair-fed mice. Normalized body mass relative to baseline body mass was lower in leptin-supplemented and pair-fed mice compared to ad lib mice at all time points evaluated (panel E and F). Percent body fat (panel G) and WAT mass (panel H) were lower in leptin-supplemented mice than in ad lib or pair-fed mice. Significant differences in percent body fat or WAT mass were not detected between ad lib and pair-fed mice. Serum leptin levels (panel I) did not differ among treatment groups. Ucp1 expression in BAT (panel J) was lower in leptin-supplemented mice compared to ab lib and pair-fed mice. Significant differences in Ucp1 expression were not detected between ab lib and pair-fed mice.




Figure 2 | Effects of leptin supplementation and pair feeding on food intake over duration of treatment (A), cumulative food intake (B), body mass (C), body mass change over duration of treatment (D), percent change in body mass relative to baseline mass (E), cumulative percent change in body mass relative to baseline mass (F), percent body fat (G), abdominal white adipose tissue mass (H), serum leptin (I), and brown adipose tissue Ucp1 gene expression (J) in C57BL/6J female mice. Data are mean ± SD with individual data points shown as dots. N = 9-16/group for panels (A–G) and n = 8/group for panel (H) Analysis of variance followed by appropriate posthoc tests was used to assess differences among groups. aDifferent from ad lib, FDR-adjusted P < 0.05. bDifferent from leptin, FDR-adjusted P<0.05; b*P<0.1.



The effects of leptin supplementation and pair feeding on total body bone area, mass and density, and on serum markers of global bone turnover are shown in Figure 3. Bone area (panel A) was higher in leptin-supplemented mice compared to both ad lib and pair-fed mice. Bone mineral content (panel B) was also higher in leptin-supplemented mice than in pair-fed mice. Significant differences in bone area or bone mineral content were not detected between ad lib and pair-fed mice. In addition, significant differences in bone mineral density (panel C) were not detected with treatment. Serum CTX (panel D) was lower in leptin-supplemented and pair-fed mice compared to ad lib mice but leptin-supplemented mice did not differ from pair-fed mice. Serum osteocalcin levels (panel E) did not differ among groups.




Figure 3 | Effects of leptin supplementation and pair feeding on total body bone area (A), bone mineral content (B), and bone mineral density (C), and on serum CTX, an index of global bone resorption (D) and osteocalcin, an index of global bone formation (E) in C57BL/6J female mice. Data are mean ± SD with individual data points shown as dots. N = 9-16/group for panels (A–E) Analysis of variance followed by appropriate posthoc tests was used to assess differences among groups. aDifferent from ad lib, FDR-adjusted P<0.05. bDifferent from leptin, FDR-adjusted P<0.05.



The effects of leptin supplementation and pair feeding on bone, bone formation and marrow adiposity in distal femur metaphysis and on marrow adiposity in distal femur diaphysis are shown in Figure 4. Significant differences in bone area/tissue area in the distal femur metaphysis (panel A) were not detected with treatment. However, mineralizing perimeter (panel B) was lower in pair-fed mice compared to ad lib mice and leptin-supplemented mice, and mineral apposition rate (panel C) was higher in leptin-supplemented mice than in ad lib mice and pair-fed mice. Bone formation rate (panel D) tended (p = 0.053) to be higher in leptin-supplemented mice compared to ad lib and was higher compared to pair-fed mice. Bone formation rate was lower in pair-fed mice compared to ad lib mice. Adipocyte area fraction (panel E) and adipocyte density (panel F) were lower in leptin-supplemented mice compared to ad lib and pair-fed mice whereas adipocyte size (panel G) did not differ between ad lib and leptin-supplemented mice but was higher in pair-fed mice compared to both ad lib and leptin-supplemented mice. The differences in BMAT among the treatment groups in the distal femur metaphysis can be readily appreciated in panel H. Treatment effects on BMAT were likewise observed in the distal femur diaphysis. Adipocyte area fraction (panel I), density (panel J) and size (panel K) were lower or tended to be lower in leptin-supplemented mice compared to ad lib and pair-fed mice. However, differences in marrow adiposity were not detected between ad lib and pair-fed mice.




Figure 4 | Effects of leptin supplementation and pair feeding on bone area and indices of bone formation, bone resorption, and bone marrow adiposity in distal femur metaphysis and on indices of bone marrow adiposity in distal femur diaphysis: bone area fraction (bone area/tissue area) (A), mineralizing perimeter (B), mineral apposition rate (C), bone formation rate (D), adipocyte area fraction (E), adipocyte density (F), and adipocyte size (G) in distal femur metaphysis and adipocyte area fraction (I), adipocyte density (J), and adipocyte size (K) in distal femur diaphysis in C57BL/6J female mice. Representative images of the bone marrow adiposity in femur metaphysis in each treatment group are shown in panel (H) Data are mean ± SD with individual data points shown as dots. N = 9-16/group. Analysis of variance followed by appropriate posthoc tests was used to assess differences among groups. aDifferent from ad lib, FDR-adjusted P < 0.05; a*P < 0.1. bDifferent from leptin, FDR-adjusted P < 0.05.



The effects of leptin supplementation on differential expression of genes related to adipogenesis in abdominal WAT and tibia are shown in Figures 5, 6, respectively. In abdominal WAT, 8/84 genes were differentially expressed in leptin-supplemented mice compared to ad lib mice, 3/84 genes were differentially expressed in pair-fed mice compared to ad lib mice, and 7/84 genes were differentially expressed in leptin-supplemented mice compared to pair-fed mice. In tibia, 14/84 genes were differentially expressed in leptin-supplemented mice compared to ad lib mice, 32/84 genes were differentially expressed in pair-fed mice compared to ad lib mice, and 17/84 genes were differentially expressed in leptin-supplemented mice compared to pair-fed mice.




Figure 5 | Differentially expressed genes in abdominal white adipose tissue in (1) leptin-supplemented versus ad libitum control mice, (2) pair-fed versus ad libitum control mice, and (3) leptin-supplemented versus pair-fed mice.






Figure 6 | Differentially expressed genes in tibia in (1) leptin-supplemented versus ad libitum control mice, (2) pair-fed versus ad libitum control mice, and (3) leptin-supplemented versus pair-fed mice.





Experiment 2: Effects of leptin on body composition and bone marrow adiposity in leptin-deficient ob/ob female mice

The effects (1) of increasing housing temperature on body composition and BMAT in WT and ob/ob mice and (2) of leptin treatment on body composition and BMAT in ob/ob mice housed at 32°C are shown in Figure 7. Percent body fat (panel A) and abdominal WAT mass (panel B) increased in WT mice and increased (percent fat) or tended (p = 0.064) to increase (abdominal WAT) in ob/ob mice following transfer from room temperature (baseline, 22°C) to thermoneutral housing (32°C). Leptin treatment in ob/ob mice resulted in lower percent body fat but had no effect on abdominal WAT mass. As expected, Ucp1 expression in BAT (panel C) decreased in WT mice following transfer to thermoneutral housing while thermoneutral housing had no effect on Ucp1 expression in the ob/ob mice. Administration of leptin to ob/ob mice resulted in higher Ucp1 expression compared to administration of vehicle. Adipocyte area fraction (panel D), adipocyte density (panel E) and adipocyte size (panel F) increased in both WT and ob/ob mice following transfer to thermoneutral housing. Leptin treatment in ob/ob mice resulted in lower adipocyte area fraction and adipocyte density compared to vehicle. Significant differences in adipocyte size were not detected with leptin treatment in the ob/ob mice.




Figure 7 | Effects of temperature and leptin administration on percent body fat (A), abdominal white adipose tissue mass (B), brown adipose tissue Ucp1 gene expression (C) and on adipocyte area fraction (D), adipocyte density (E), and adipocyte size (F) in distal femur metaphysis in ob/ob female mice. Data are mean ± SD with individual data points shown as dots. N = 7-9/group. Analysis of variance followed by appropriate posthoc tests was used to assess differences among groups. aWT control (32°C) different from WT baseline (22°C), FDR-adjusted P < 0.05. bob/ob + vehicle control (32°C) different from ob/ob baseline (22°C), FDR-adjusted P<0.05; b* FDR-adjusted P < 0.1. cob/ob + leptin different from ob/ob + vehicle control, FDR-adjusted P < 0.05.






Discussion

Food consumption decreased in B6 mice following transfer from room temperature to thermoneutral housing in this and prior studies (21, 22). The time course for reduced food consumption was advanced (i.e., occurred earlier) but the magnitude of the decrease was not influenced by leptin supplementation. Compared to ad lib mice, supplementation of B6 mice with leptin had no effect on serum leptin levels measured at necropsy but resulted in lower BAT Ucp1 expression, lower serum CTX, lower abdominal WAT and lower BMAT in metaphysis and diaphysis of the distal femur, and higher bone formation rate in distal femur metaphysis. Pair feeding did not closely replicate the effects of leptin supplementation on B6 mice housed at thermoneutral. Transfer of ob/ob mice from room temperature to thermoneutral resulted in higher abdominal WAT and higher BMAT in distal femur. Finally, treatment of ob/ob mice with low dose leptin reduced the increase in BMAT in distal femur following transfer to thermoneutral housing but did not impact abdominal WAT weight.

In the present study, we observed a reciprocal relationship between bone formation rate (increased) and BMAT levels (decreased) in distal femur of B6 mice following leptin supplementation. We and others noted inverse relationships between bone formation and BMAT at various skeletal sites during aging and in response to hypophysectomy, spaceflight, ionizing radiation, high fat diets and chronic heavy alcohol consumption (7–10, 14, 23, 39–42). However, as mentioned in the Introduction, a causal association between changes in BMAT levels and bone formation rate has not been demonstrated and there are numerous exceptions to this reciprocal relationship. For example, ovariectomy (ovx) in rats results in increases in osteoblast-lined bone perimeter as well as BMAT, as does increasing housing temperature of mice from room temperature to the thermoneutral range (43). Furthermore, BMAT was increased and bone formation unchanged in ovx rats following a 14-day spaceflight (39). Finally, treatment with the bone anabolic hormones fibroblast growth factor or parathyroid hormone increased bone formation in rodents without reducing BMAT (14, 44).

It remains uncertain as to whether BMAT alters the skeletal response to regulatory factors such as hormones and mechanical loads. Compared to B6 WT mice, adult ob/ob mice have higher BMAT levels. However, hindlimb unloading resulted in cancellous bone loss and changes in bone turnover in ob/ob mice indistinguishable from the skeletal response in B6 WT mice (45). Female mice housed at thermoneutral have higher BMAT and cancellous bone mass than female mice housed at room temperature but antagonizing accrual of BMAT by treatment with the nonspecific β-adrenergic receptor antagonist propranolol had minimal effect on bone mass, microarchitecture and turnover (31). Additionally, in spite of differences in BMAT, inflammation-induced bone loss was similar in distal femur metaphysis of female mice housed at room temperature and at thermoneutral (46).

The receptor tyrosine kinase cKit is required for fat storage in long bones and lumbar vertebra of mice (47, 48). Therefore, attenuation of cKit signaling provides a novel approach for investigating the regulation and function of BMAT. Results of studies performed in cKit-deficient KitW/Wv mice do not exclude the possibility that BMAT influences bone metabolism but do demonstrate that mature bone marrow adipocytes are not required for a negative bone turnover balance following ovx or during simulated microgravity (43, 49). Indeed, having normal BMAT levels appeared to attenuate bone loss in distal femur induced by simulated microgravity (49). A limitation of KitW/Wv mice is that they have hereditary macrocytic anemia, which could independently influence bone metabolism or alternatively modify the effects of BMAT (50, 51). However, adoptive transfer of purified WT (WBB6F1/J) hematopoietic stem cells into KitW/Wv mice (WT→ KitW/Wv) normalized bone marrow Kit expression (52). Hindlimb unloading resulted in reduced cancellous bone in WT→ KitW/Wv mice verifying that the BMAT-deficient mice are not protected against hindlimb unloading-induced cancellous bone loss (49). Taken together, factors such as ckit signaling, mechanical loading, leptin status, sex hormones and aging clearly influence BMAT levels but strong evidence that BMAT is an obligatory regulator of bone turnover balance is largely absent. These null results do not imply that BMAT is unimportant; there is compelling evidence that BMAT plays a role in regulated hematopoiesis (1, 53–55). Also, marrow adipocytes produce hormones, adipokines and cytokines capable of positive as well as negative effects on bone metabolism (1, 56–60). In the present study, leptin and pair feeding influenced expression of genes for adipokines (Lep), hormones and growth factors (Fgf2, Fgf10, Agt, Angpt2, Bmp2, Bmp7, Dlk1), cell cycle regulators (Ccnd1, Cdkn1a, Cdkn1b), nuclear hormone receptors (Ppard, Pparg), transcription factors (Jun, Nrob2, Twist1, E2f1, Hes1, Srebf1), and signaling pathways (Sfrp1, Sfrp5, Vdr, Wnt10b, Dkk1, Wnt3a, Wnt5a, Wnt5b, Kfl2, Insr, Irs1). These changes in gene expression in bone marrow may lead to local, systemic or neuronal actions to influence bone metabolism, but definitive evidence for this is lacking.

Leptin supplementation (Experiment 1) did not result in an increase in serum leptin levels in B6 mice, when measured at necropsy. We interpret this as evidence that supplemental leptin resulted in a compensatory reduction in endogenous hormone production and an increase in leptin sensitivity. Our conclusion is supported by the observed lower abdominal WAT weight and BAT Ucp1 expression in leptin-supplemented mice compared to ad lib or pair-fed mice and lower BMAT in leptin-supplemented B6 WT as well as leptin-treated ob/ob mice. Down regulation of Lep expression in adipocytes is a potential alternative mechanism to decrease serum leptin levels and there is evidence that this mechanism is induced by hypothalamic leptin gene therapy (61). However, this alternative mechanism is unlikely because reduced abdominal WAT in the present study was not accompanied by a reduction in Lep expression. It is notable that the reduction in BMAT accrual in leptin-treated ob/ob mice was not accompanied by a parallel decrease in abdominal WAT. This suggests that leptin inhibits BMAT accrual at much lower levels than is required to inhibit WAT accrual, a conclusion supported by dose-response studies where leptin was administered to ob/ob mice (35). Indeed, administration of leptin at a dose rate of 0.3 μg/d did not increase serum leptin levels above the detection limit of 0.5 μg/ml.

Food consumption was lower in leptin-supplemented mice compared to ad lib-fed mice for several days following osmotic pump insertion, but afterwards there was no difference in food intake among treatment groups. We interpret this as further evidence that growing mice fed a normal diet are highly leptin sensitive. In support, partially leptin-deficient heterozygote ob/+ mice adapt to partial leptin deficiency by increasing adipose tissue mass until achieving leptin levels similar to B6 WT mice (62). Treatment of ob/ob mice with leptin resulted in dose-dependent decreases in appetite (35, 63). This finding contrasts with B6 mice fed a high fat diet; when treated with leptin, obese mice exhibit an attenuated response, attributable to leptin resistance (64).

Sympathetic signaling is a positive regulator of non-shivering thermogenesis and the β-adrenergic receptor antagonist propranolol blunted thermoneutral-associated increases in BMAT and WAT (65). Thus, leptin and environmental temperature may influence BMAT levels by regulating overlapping pathways. However, it is likely that the actions of leptin on BMAT differ from the adipokine’s positive central nervous system-mediated regulatory effects on non-shivering thermogenesis. It is well established that adipocytes express leptin receptors (54, 66). Additionally, treatment with leptin at a dose rate with minimal actions on energy metabolism decreased BMAT and increased bone formation in ob/ob mice (35). In contrast, mild caloric restriction by pair feeding was associated with an increase in BMAT levels. Taken together, our results strongly suggest that leptin signaling and environmental temperature independently regulate BMAT levels.

Thermoneutral housing alters many, but not all, metabolic responses (67–70). Regarding bone, compared to room temperature, thermoneutral housing prevents premature cancellous bone loss, attenuates risperidone-induced trabecular bone loss, has modest effects on cortical response to mechanical loading, and does not impact polyethylene-particle induced osteolysis (46, 71, 72). We have shown that increasing environmental temperature from room temperature to thermoneutral impacts gene expression in WAT and bone (65). In the present study, performed at thermoneutral, leptin supplementation, but not pair feeding, increased expression of genes important to fat synthesis and turnover in WAT; Acacb (Acetyl-CoA acetyltransferase), Adig (adipogenin), Retn (resistin), Slc2a4 (facilitated glucose transporter member 4, GLUT4), and Srebf1 (Sterol regulatory element-binding transcription factor 1). The findings are consistent with fat mobilization in response to leptin supplementation. Leptin supplementation and pair feeding also altered gene expression in whole tibia. However, there was no overlap in genes differentially expressed in WAT and tibia. In general agreement with treatment-associated differences in bone histomorphometry, there were differences in gene expression between leptin-treated mice and pair-fed or ad lib controls. Taken together, the results suggest that these two leptin target tissues respond differently to the hormone.

The present studies were performed in growing female mice and evaluated (1) distal femur metaphysis (histomorphometry), a skeletal site where BMAT is closely associated with cancellous bone undergoing rapid turnover, and (2) whole tibia (gene expression). The present studies do not include controls for age-related changes in BMAT that may have occurred during the 2-week intervention. However, we have previously reported higher levels of BMAT in female mice housed at thermoneutral compared to age-matched controls housed at room temperature and pilot studies revealed no change during the evaluated age range (31, 34). Our evaluation of one sex is a study limitation because there are sex differences in bone growth and BMAT accrual (21). Additionally, adipocyte number differs with skeletal site, suggesting possible differences in regulation and function. Future studies should evaluate the effects of environmental temperature and leptin on BMAT at multiple locations in skeletally mature and aging male and female mice. Furthermore, because energy balance and thermoregulation in mice differs markedly from humans it would be enlightening to investigate the response of BMAT to environmental temperatures in additional model organisms.

Our analyses were performed at 4 levels; quantitative histomorphometry, gene expression, serum biomarkers (indices of whole-body bone turnover and fat stores) and organ mass/density. Histomorphometry examined the relationships between bone turnover and BMAT at one cancellous bone site (distal femur metaphysis) in response to treatment. Evaluation of differential expression of a panel of genes related to adipogenesis was used to compare the response to leptin in WAT and whole tibia. The tibia, in addition to adipose tissue (regulated and constitutive BMAT), contains compartment-specific distributions of bone (e.g., cortical and cancellous), cartilage, hematopoietic tissue and other tissues. Differences between our skeletal site in femur and whole tibia preclude direct comparisons between these two long bones. This being said, changes identified in a long bone are generally representative of the appendicular skeleton (1, 31, 35, 43, 47, 49, 52, 62, 65). Serum biomarkers and whole organ measurements were performed as indices of macro changes in response to treatment.

In summary, increasing environmental temperature from room temperature to thermoneutral in growing female B6 and ob/ob mice has major effects on body composition, including an increase in BMAT in the distal femur metaphysis in both genotypes and an increase in leptin levels in B6 mice. Administration of leptin lowered BMAT levels in both B6 WT and leptin-deficient ob/ob mice. Based on these findings, we conclude that increases in leptin signaling in leptin-sensitive mice and environmental temperature in normal and leptin-deficient mice have independent but opposite effects on BMAT levels. Specifically, alleviation of cold stress by housing mice at thermoneutral increases BMAT compared to room temperature housing, whereas increasing leptin signaling decreases BMAT.
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The common cellular origin between bone marrow adipocytes (BMAds) and osteoblasts contributes to the intimate link between bone marrow adipose tissue (BMAT) and skeletal health. An imbalance between the differentiation ability of BMSCs towards one of the two lineages occurs in conditions like aging or osteoporosis, where bone mass is decreased. Recently, we showed that the sodium-phosphate co-transporter PiT2/SLC20A2 is an important determinant for bone mineralization, strength and quality. Since bone mass is reduced in homozygous mutant mice, we investigated in this study whether the BMAT was also affected in PiT2-/- mice by assessing the effect of the absence of PiT2 on BMAT volume between 3 and 16 weeks, as well as in an ovariectomy-induced bone loss model. Here we show that the absence of PiT2 in juveniles leads to an increase in the BMAT that does not originate from an increased adipogenic differentiation of bone marrow stromal cells. We show that although PiT2-/- mice have higher BMAT volume than control PiT2+/+ mice at 3 weeks of age, BMAT volume do not increase from 3 to 16 weeks of age, leading to a lower BMAT volume in 16-week-old PiT2-/- compared to PiT2+/+ mice. In contrast, the absence of PiT2 does not prevent the increase in BMAT volume in a model of ovariectomy-induced bone loss. Our data identify SLC20a2/PiT2 as a novel gene essential for the maintenance of the BMAd pool in adult mice, involving mechanisms of action that remain to be elucidated, but which appear to be independent of the balance between osteoblastic and adipogenic differentiation of BMSCs.




Keywords: PiT2/Slc20a2, adipocytes, bone, post-menopausal osteoporotic mouse model, marrow



Introduction

Bone marrow adipose tissue (BMAT) is no longer considered a marrow space filler tissue as the increasing number of studies on its function in the past 20 years has highlighted its important roles in skeletal health or energetic metabolism. However, the underlying cellular and molecular mechanisms involved remain to be determined (1–3). In mice, bone marrow adipocytes (BMAds) first develop in the distal tibia at a very early postnatal age and then appear in the proximal tibia at around 3 months of age (3, 4). The volume of BMAT increases with age in humans and mice, turning the bone marrow from “red” to “yellow”. The proximal and distal BMAT are two distinct tissues mainly because the size and the lipidic components of the adipocytes are different, and both are differentially regulated (5). The proximal BMAT is also referred to as regulated BMAT (rBMAT) due to the observation that its volume is regulated by several physiopathological conditions (caloric restriction, cold exposure…), whereas the distal one is referred to as constitutive BMAT (cBMAT) because volume variations of this tissue are less frequently observed.

A growing interest in BMAT and its intimate relationship with skeletal health has emerged in recent years. Inverse correlation between BMAT volume and bone mass has been described in many situations (5) and also in some genetic mouse models (6–11). However, this negative correlation is not always observed and may even be controversial, as in the ovariectomy-induced osteoporosis model (7, 11). In healthy populations, BMAT increases with age both in men and women, with men generally having more BMAT (12, 13), and an inverse correlation between BMAT volume and bone mineral density (BMD) has been described (14–17). Nevertheless, during puberty, the amount of marrow fat is positively associated with total bone mineral content in girls (18) and, although men have more BMAT mass compared to women, they also have more bone mass (19). These observations highlight a complex relationship between BMAT and bone, which probably cannot be described in all circumstances as a simple inverse correlation.

Nonetheless, the relationship between BMAT and bone is based at least on the fact that osteoblasts and BMAds are both derived from bone marrow stromal cells (BMSCs). The imbalance between the differentiation capacities of BMSCs towards one of the two lineages is at the origin of the increased bone marrow adiposity in conditions like aging, obesity and other pathologies where the bone mass is decreased (11, 20, 21) and a better knowledge of the underlying mechanisms would allow a better understanding of the balancing relationship between bone and BMAT.

PiT2 is a member of the Slc20 family of sodium (Na)-phosphate (Pi) co-transporters, encoded by the Slc20a2 gene. In the last 10 years, numerous studies have revealed the multifunctionality of PiT1/SLC20A1 and PiT2/SLC20A2 in the regulation of cellular proliferation, differentiation or survival (22–30). In bone, our group and others have shown the involvement of PiT2 in bone quality, mineralization and strength (31, 32). Homozygous mutant mice were shown to exhibit severe reduction of bone mechanical properties (decreased yield load, maximum load, fracture load and stiffness), reduced bone mineral density and reduced bone mass (31, 32). Considering the deleterious effect of PiT2 deficiency in bone, we questioned whether the BMAT could also be affected in PiT2 knockout mice. In addition, we evaluated the effect of the absence of PiT2 on the regulation of bone and BMAT volumes between 3 and 16 weeks and in a model of ovariectomy-induced bone loss.



Materials & methods


Mice

C57BL/6NTac-Slc20a2tm11a (EUCOMM) Wtsi (Slc20a2+/-, hereafter named PiT2+/-) heterozygous mice were obtained from the European Mouse Mutant Archive (EMMA) and maintained and genotyped at Nantes Université. Experiments on mice were conducted according to the French and European regulations on care and protection of laboratory animals (EC Directive 86/609, French Law 2001-486 issued on June 6, 2001). This study complied with ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and was approved by the Animal Care Committee of Pays de la Loire (APAFIS agreements 02286.02, 14835-2020-05-13 and 22178-2019092614593965 v7). Animal care and maintenance were provided through the Nantes Université accredited animal facility at the “Unité de Thérapeutique Expérimentale” (UTE). Mice were housed under specific pathogen-free conditions in open or individually ventilated cages, with wood shavings for bedding and nesting material, in groups of up to five. The mice had ad libitum access to tap water and standard rodent chow (A04-10; SAFE, France). Genotyping was performed by PCR as described (31). Wild-type (PiT2+/+) and PiT2-/- littermate mice were analysed at 3 and 16 weeks. Three-week-old mice were used for in vitro experiments (adipogenic differentiation, flow cytometry). Ovariectomy (OVX) was performed under isoflurane anesthesia in 13-week-old female PiT2+/+ and PiT2-/- littermate mice, which were euthanized 5 weeks later. PiT2+/+and PiT2-/- mice were randomly allocated to two groups: an OVX group and a sham group (mice were similarly incised but the ovaries were not removed). Mice were anesthetized with ketamine/xylazine administered intraperitoneally and were perfused transcardially with Phosphate Buffered Saline (PBS) and then 4% Paraformaldehyde (PFA; Sigma Aldrich, USA). Uterine aplasia was observed, confirming the successful ovariectomy. Right tibiae were removed and fixed in 4% PFA for 24 hours at 4°C and stored in PBS at 4°C for the subsequent CE-CT analyses.



Contrast-enhanced high resolution microfocus computed tomography

Before polyoxometalate-staining (33), the distal end of the bones was removed to allow better diffusion of the contrast agent into the bone marrow compartment. Samples were incubated in the staining solution during 48 hours at 4°C while shaking gently.

CE-CT acquisition and image processing were performed as previously described (33, 34). Briefly, samples were imaged using a Phoenix Nanotom S (GE Measurement and Control Solutions, Germany) and analysed using DataViewer (Bruker MicroCT, Belgium) for the reorientation of the CE-CT datasets and CTAn (Bruker MicroCT) for the assessment of the fat volume in the proximal and distal tibiae Ad.V relative to Ma.V (bone marrow without trabecular and cortical bones) was determined at 2-µm resolution in a 2mm (proximal) or 4mm (distal) region beginning right underneath the growth plate. Segmentation and morphological assessment of adipocytes was performed as previously described (33).

For bone volume fraction (BV/TV %) and Cortical thickness (Ct.th. mm) analyses, we used an in-house developed semi-automated protocol. Volumes of interest around the trabecular bone region were drawn in the proximal metaphysis starting directly underneath growth plate and covering a height of 1.2mm distal to the growth plate. Cortical thickness was determined in a mid-diaphyseal volume of interest starting 1mm proximal of the tibio-fibular junction, extending 1mm in the proximal direction.



BMSCs culture

BMSCs were harvested from tibiae of 3-week-old PiT2-/- and PiT2+/+ mice. After removing the epiphyses, bones were flushed to isolate total bone marrow cells and BMSCs were expanded in growth media consisting of α-MEM (Eurobio, France) supplemented with 15% fetal bovine serum (FBS), 100IU/mL penicillin, 100mg/mL streptomycin, 2mM glutamine. At confluence, BMSCs were cultured in adipogenic media consisting of α-MEM (Eurobio, France) supplemented with 15% FBS, 100IU/mL penicillin, 100mg/mL streptomycin, 2mM glutamine, 0.5µM 3-isobutyl-1-methylxanthine (IBMX), 0.5µM hydrocortisone and 60µM indomethacin (Sigma Aldrich).



Oil Red O staining and relative quantification

Cells were fixed in 2% PFA for 15min, washed with water, incubated with 60% isopropanol for 5min and stained with newly filtered Oil Red O solution for 10min at room temperature. To quantify staining, Oil Red O was extracted from the cells with isopropanol and absorbance of the solution was measured at a wavelength of 520nm to determine the relative amount of dye. Determination of the number of adipocytes (Oil Red O positive cells) and the number of total cells (Hoechst positive cells) was performed by using the High Content Screening Arrayscan (ThermoScientific). Image acquisitions (361 images per well) were performed using the Cellomics ArrayScan VTI/HCS Reader (ThermoScientific) using x5 magnification. Images analysis was performed with CellProfiler (35).



Flow cytometry

Flow cytometry was performed on a BD LSRFortessa™ (BD Biosciences), FACS data were collected using DIVA (Becton Dickinson) and analysed using FlowJo software (Tree Star). For flow cytometry analyses, BMSCs were isolated by flushing tibiae of P21 mice, flushed bones were crushed with a mortar and treated with collagenase for 20min at 37°C to retrieve any remaining BMSCs. The reaction was stopped by adding α-MEM complemented with 15% FBS and the cell suspension was passed through a 70µm cell strainer (BD Falcon, MA, USA) to remove bone fragments. The cells were then added to the previously flushed bone marrow with isolated BMSCs. Cells were centrifuged at 1200rpm for 5min at RT, the pellet was resuspended in Red Blood Cell Lysis Buffer (Sigma, Product No. R 7757) to eliminate red blood cells and centrifuged again at 1200rpm for 5min at RT. The pellet was resuspended and the cells were counted. Five million cells were stained with antibodies (Supporting Table S1) for 30min on ice. Compensation was performed using OneComp™ eBeads Compensation Beads (ThermoFisher Scientific Inc.). BMSCs were analysed as Ter119- CD45- Sca1+ CD44+ CD105+ (36, 37) and adipogenic progenitors as Ter119- CD45- CD31- Sca1+ CD24- (38).



RNA isolation and RT-qPCR

Total RNA was prepared with TRIzol Reagent (ThermoFisher Scientific) according to the manufacturer’s instructions. The RNA was reverse transcribed and analysed on a Bio-Rad CFX96 detection system using SYBR Select Master Mix (Applied Biosystems, Warrington, UK). mRNA levels were normalized relative to beta-glucuronidase (GusB) and Pinin (Pnn) expression and quantified using the ΔΔCT method (39). RT-qPCR primers were: Pinin Forward (Fw)-ACCTGGAAGGGGCAGTCAGTA and Reverse (Rv)-ATCATCGTCTTCTGGGTCGCT, GusB Fw-CTCTGGTGGCCTTACCTGAT and Rv- CAGTTGTTGTCACCTTCACCTC, PiT1 Fw-TGTGGCAAATGGGCAGAAG and Rv-AGAAAGCAGCGGAGAGACGA, PiT2 Fw-CCATCGGCTTCTCACTCGT and Rv AAACCAGGAGGCGACAATCT, FABP4 Fw-GAATTCGATGAAATCACCGCA and Rv-CTCTTTATTGTGGTCGACTTTCCA, AdipoQ Fw- TCTCCTGTTCCTCTTAATCCTGCC and Rv-CATCTCCTTTCTCTCCCTTCTCTC.



Statistics

Statistical analyses were performed using the GraphPad 8.0 software. Data were analysed for normal distribution within each experimental group using the Shapiro–Wilk normality test. Normally distributed data were analysed by ANOVA or t tests, as appropriate. Where data were not normally distributed, non-parametric tests were used. When appropriate, p values were adjusted for multiple comparisons as indicated in the figure legends. A p value of less than 0.05 was considered statistically significant (exact n and p values are indicated in the figures or legends). Data are expressed as means ± S.E.M. Units and abbreviations are reported in accordance with recently published guidelines for research relating to BM adiposity (40).




Results


Proximal BMAT volume does not increase in PiT2-/- mice between 3 and 16 weeks

Bone marrow adipose tissue was investigated by using Hf-POM-based CE-CT analysis on tibiae from 3- and 16-week-old PiT2+/+ and PiT2-/- littermate mice. The 3D visualization and quantification of the bone marrow adipocytes showed an increase in BMAT volume within the proximal tibia of 3-week-old PiT2-/- female (Figure 1A, Supplementary Figure 1) and male (Supplementary Figure 2A, Supplementary Figure 3) mice compared to PiT2+/+ mice, which is consistent with the increased mRNA gene expression of Adiponectin (AdipoQ) and FABP4 (Figure 1B, Supplementary Figure 2B), two markers of mature adipocytes. The absence of PiT2 mRNA expression was confirmed in whole tibia from PiT2-/- mice by RT-qPCR (Figure 1B, Supplementary Figure 2B). Interestingly, no difference in the expression of the paralog PiT1 mRNA expression was observed in PiT2-/- whole tibia, making a possible PiT1-driven compensatory mechanism unlikely (Figure 1B, Supplementary Figure 2B).




Figure 1 | Deregulation of BMAT volume in PiT2-/- female mice. (A) Upper - Representative 3D visualization, using Hf-POM-based CE-CT, of the adipocytes in the bone marrow compartment of the proximal tibia of 3- and 16-week-old PiT2+/+ and PiT2-/- female mice. Scale bar = 250μm. Lower - Graphs showing quantification of the volume fraction of the adipocytes in the VOI of the proximal tibia (Ad.Ar/Ma.Ar: Adipocyte area/Marrow Area) of 3- and 16-week-old PiT2+/+ and PiT2-/- mice (n=6 and 12 per genotype, respectively). Data are means ± SEM, Bonferroni-corrected Mann-Whitney test. p values are indicated. (B) Relative PiT1, PiT2, Adiponectin and FABP4 mRNA expression in the whole tibia from 3- (n=7 PiT2+/+ and n=4-6 PiT2-/-) and 16- (n=8 PiT2+/+ and n=11 PiT2-/-) week-old PiT2+/+ and PiT2-/- female mice, as indicated. Data are means ± SEM, Mann-Whitney test, **p<0.01. (C) Upper - Representative 3D visualization of the adipocytes in the bone marrow compartment of the distal tibia of 3- and 16-week-old PiT2+/+ and PiT2-/- female mice. Lower - Graphs showing quantification of the volume fraction of the adipocytes in the VOI of the distal tibia of 3- and 16-week-old PiT2+/+ and PiT2-/- mice (n=6 and 11 per genotype, respectively). Data are means ± SEM, the influence of age or genotype, and interactions between these, was determined by two-way ANOVA, with p values shown to the right of the graph. p values from multiple comparisons are indicated on the graph.



In contrast to PiT2+/+ mice, CE-CT analyses showed that BMAT volumes did not increase between 3 and 16 weeks in the proximal tibia of PiT2-/- mice, both in females (Figure 1A), and males, (Supplementary Figure 2A), leading to a downward trend in BMAT volume at 16 weeks in PiT2-/- compared to wild-type mice. This illustrates the possibility that the absence of PiT2 blunts the age-induced BMAT increase that is normally observed in the proximal tibiae of wild-type mice. Interestingly, in contrast to proximal tibiae, the increase in distal BMAT between 3 and 16 weeks was not affected by the absence of PiT2 at least in female (Figure 1C, not determined in males), suggesting a specific role for PiT2 in the proximal BMAT.



Lack of PiT2 does not alter BMSCs adipogenic differentiation

BMAds originate from the adipogenic differentiation of bone marrow stromal cells. To investigate the ability of PiT2-deficient BMSC to differentiate into adipocytes, we first quantified the adipogenic progenitors and explored the adipogenic differentiation capacity of BMSCs. We quantified these cells as Ter119- CD45- Sca1+ CD44+ CD105+ cells by flow cytometry. The results showed no difference in the proportion of BMSCs in 3-week-old PiT2-/- female samples compared to PiT2+/+ mice (Figure 2A). Moreover, similar to BMSCs, analyses of adipogenic progenitors sorted as Ter119- CD45- CD31- Sca1+ CD24- cells, showed that the proportion of adipogenic progenitors in PiT2-/- female mice was equal to that of PiT2+/+ mice (Figure 2A). Adipogenic differentiation analyses of BMSCs isolated from tibiae of 3-week-old PiT2-/- and PiT2+/+ mice did not show differences between mutant and PiT2+/+ cells from female and male mice, neither by quantification of Oil Red O positive cells nor by Adiponectin and FABP4 mRNA expression analyses (Figures 2B–D, Supplementary Figure 4). Similar to what is observed in vivo, PiT1 mRNA expression showed no differences between PiT2-/- and PiT2+/+ cells (Figure 2D and Supplementary Figure 4B). Altogether, these results revealed that lack of PiT2 expression did not alter BMSCs populations or adipogenic differentiation, despite aberrant regulation of proximal BMAT in mutant mice.




Figure 2 | Characteristics of BMSCs in PiT2-/- mice. (A) FACS quantification of BMSCs (Ter119- CD45- Sca1+ CD44+ CD105+) (Left) and adipogenic progenitors (Ter119- CD45- CD31- Sca1+ CD24+) (Right) in the bone marrow of tibiae from 3-week-old PiT2+/+ and PiT2-/- female mice (n=6 per genotype). Data are means ± SEM, Mann-Whitney test. (B) Representative images of oil-red O (ORO) positive cells after adipogenic differentiation of PiT2+/+ and PiT2-/- BMSCs. Scale bar = 100μm. (C) Quantitative analysis of ORO+ cells: Left, percentage of ORO+ cells related to the total number of Hoechst-positive cells; right, ORO absorbance at 520nm (D) Relative PiT2, PiT1, Adiponectin and FABP4 mRNA expression at 0 (n=12 PiT2+/+ and n=9 PiT2-/-), 7 (n=7 PiT2+/+ and n=4 PiT2-/-) and 14 (n=4 PiT2+/+ and n=4 PiT2-/-) days of differentiation. N=3 independent experiments. Data are means ± SEM. Two-way ANOVA test.





Regulation of bone and BMAT volumes in PiT2-/- mice after ovariectomy (OVX)

To evaluate the regulation of bone and BMAT volumes, 13-week-old PiT2-/- female mice and their control littermate (PiT2+/+) were subjected to OVX-induced osteoporosis. Five weeks after surgery, animals were analyzed for bone and BMAT volumes by CE-CT. Results show that sham-operated PiT2-/- female mice have similar trabecular BV/TV as PiT2+/+ control mice, while cortical thickness was significantly reduced (Figure 3A), consistent with our previous study (31). In OVX mice, we showed a similar reduction in trabecular BV/TV and Ct.Th. in wild-type and PiT2-/- mice (Figure 3A). This reduction in bone volume parallels an increase in BMAT volume observed both in ovariectomized PiT2+/+ and PiT2-/- mice compared with sham-operated controls (fold-change: 2.65 and 3.22, respectively; Figure 3B). Of note, sham-operated PiT2-/- mice showed a reduced BMAT volume compared with sham-operated PiT2+/+ mice (Figure 3B), consistent with our observation in 16-week-old females (Figure 1A). These findings indicate that bone and BMAT volumes are inversely regulated in the model of ovariectomy-induced bone loss, and suggest that PiT2-deficient adipocytes retain the ability to be recruited after OVX.




Figure 3 | PiT2 deficiency does not prevent BMAT volume increase and bone mass loss after ovariectomy. (A) Bone volume/tissue volume (BV/TV, left) and cortical thickness (Ct.th., right) of tibia from shame operated mice (n=12 PiT2+/+ and n=7 PiT2-/-) or after ovariectomy (OVX, n=16 PiT2+/+ and n=10 PiT2-/-) quantified using CE-CT images. Data are means ± SEM, Bonferroni-corrected Mann-Whitney test (BV/TV) and two-way ANOVA test (Ct.Th.) For Ct.Th., the influence of surgery or genotype, and interactions between these, was determined by two-way ANOVA, with p values shown to the right of the graph. p values from multiple comparisons are indicated on the graphs (B) Left: representative 3D visualization, using Hf-POM-based CE-CT, of adipocytes in the bone marrow compartment of the proximal tibia (2mm height from the growth plate) of PiT2+/+ and PiT2-/- female mice after ovariectomy (OVX). Right: graphs showing the quantification of the volume fraction of the adipocytes in the VOI of the proximal tibia (Ad.Ar/Ma.Ar: Adipocyte area/Marrow Area) in shamed operated mice (n=12 PiT2+/+ and n=7 PiT2-/-) or after ovariectomy (OVX, n=16 PiT2+/+ and n=10 PiT2-/-). Data are means ± SEM, Bonferroni-corrected Mann-Whitney test.






Discussion

In the present study, we report for the first time a role for PiT2 in the maintenance of bone marrow adipose tissue volume. We also show that BMSCs with or without PiT2 are able to differentiate into adipocytes in an identical manner, suggesting that the regulation of proximal BMAT volume by PiT2 does not involve cell autonomous mechanisms.


Increased BMAT volume in young PiT2-/- mice

An increase in marrow adipocytes which inversely parallels a loss of bone volume is observed in numerous genetic models (6, 8, 10). This link between bone and BMAT volumes cross-regulation is based on either the balance between osteo-adipogenic differentiation of BMSC or the secreted factors from bone cells or BMAds which can act on the surrounding tissue (6, 8, 10, 41). Our previous work showed that bone mass in young (3-week-old) PiT2-/- mice was reduced compared to PiT2+/+ mice (31), and we now show, conversely, that proximal BMAT volume is higher compared with wild-type mice. Although this is consistent with the expected inverse cross-regulation between bone and adipocyte volumes, we nevertheless show that adipogenic differentiation of PiT2-deficient BMSCs is not altered. However, the in vitro adipogenesis conditions used in our study may be so potent that they override any subtle differences in BMSC adipogenic potential that exist in vivo. In addition, the use of more sensitive technologies, such as single cell RNA sequencing, the use of other recently identified adipogenic progenitor markers could help to identify other in vivo stromal populations that modulate adipogenesis and whose expression may be abnormal in PiT2-/- mice (42–45). To date we have not identified which cellular or molecular mechanism affected by the loss of PiT2 deregulates adipocyte volume control. However, we interestingly observed that proximal BMAds can be detected at least from 16 days of age (not shown) in the PiT2-/- mice, which is very early compared to the appearance of proximal BMAT in wild-type mice that can only be observed from 4 weeks of age in C57Bl/6 (46). This may therefore suggest that PiT2 deletion affects cellular or molecular pathways that occur during development or very early after birth and may provide an invaluable study model to identify them.



No inverse correlation between BMAT and bone volumes in adult PiT2-/- mice

In adult PiT2-/- mice, the reduced bone mass is not associated with an increased BMAT volume compared to PiT2+/+ mice. As we have shown previously, the bone defects in mutant mice are independent of osteoblast or osteoclast number or activity (31), supporting the hypothesis that BMAT and bone defects in the absence of PiT2 are not generated by a coupling imbalance between adipocytes and osteoblasts differentiation.

BMAT volume is known to be regulated by several hormones (e.g., PTH, estrogen or FSH) (2, 3). However, we have previously shown that serum PTH levels were similar between PiT2+/+ and PiT2-/- mice, excluding its role in the genesis of the phenotype (47). In post-menopausal women, BMAT volume is highly increased and ovariectomy is now a commonly used approach to increase BMAT volume in animal models (7, 10, 34, 48, 49). Estrogen, in addition to be a negative regulator of BMAds, is a positive regulator of the bone mass (48). These opposite effects of estrogen on bone and fat tissues may be explained by the imbalanced ability of BMSCs to differentiate into osteoblasts in favor of adipocytes, although no direct evidence has yet been obtained. In PiT2-/- mice, both bone and BMAT volumes are reduced and a similar phenotype is observed in males, ruling out the possibility that a defect in estrogen levels could explain the phenotype of these mutant mice. Hence, further studies will be needed to identify the possible systemic factor underlying the alterations in bone and marrow adipose tissues.



Bone and bone marrow adipose tissues are sensitive to estrogen depletion in PiT2-/- mice

The observation that BMAT volume does not increase between 3 and 16 weeks in PiT2-/- mice led us to question the regulation of bone and adipose tissue volumes in pathological conditions. In ovariectomized PiT2-/- mice, we showed that bone mass is decreased and that this is accompanied by BMAT accumulation similar to that in control mice. These results suggest that in the absence of PiT2 adipogenic differentiation is not affected and that the mechanisms that govern it are upstream of PiT2-dependent pathways. On the other hand, it is well documented that OVX-induced bone loss is primarily caused by induction of bone resorption. Here, we show that bone loss is similar in OVX- PiT2+/+ mice and OVX-PiT2-/- mice, indicating that osteoclast formation and activity are not impaired, consistent with our previous findings that showed normal osteoclast activity in PiT2-/- mice (31). The lack of effect of PiT2 deletion on bone and fat phenotypes during ovariectomy is consistent with the fact that we do not observe differences in male and female mutant mice. As these results were obtained in adult mice, they may also support the idea that the role of PiT2 in the bone and BMAT phenotypic balance occurs earlier in the development or during the growth of the animal.



Could phosphate homeostasis explain the BMAT phenotype in PiT2-/- mice?

As one of the major cellular functions of PiT2 is to transport phosphate across the plasma membrane, it is reasonable to ask whether the observed phenotype of PiT2-/- mice may be phosphate-related. In the literature, a link between phosphate and adipose tissues is rarely reported, either in extra- or intra-medullar adipose tissues. In humans, an inverse correlation between serum Pi levels and obesity has been observed, and an association between high phosphate diet and the suppression of lipogenesis in white adipose tissue has been described both in humans and rodents (50–57). Interestingly, acute phosphate restriction in mice decreases bone formation and results in an increase in BMAT due to defects in the commitment of BMSC preferentially towards the adipogenic lineage involving the Wnt signaling pathway (58, 59). It is therefore possible that a change in phosphate homeostasis may impact the balance between bone formation and BMAT. However, PiT2-/- mice show no differences in serum phosphate levels and key markers of phosphate homeostasis regulation (31, 32, 60, 61), precluding a role for serum phosphate in the BMAT defects observed in the absence of PiT2. However, as we hypothesize for the dental defects in the PiT2-/- mice (62), the local extracellular Pi level, rather than the serum Pi levels, may be responsible for the observed phenotype. Interestingly, invalidation of Phospho1, another phosphate-related gene, results in a reduction in bone volume and bone mineral density, along with an increase in BMAT volume (63, 64). Whether this phenotype is directly due to an abnormal local level of Pi within the skeleton or whether it is an indirect consequence of modified energy metabolism remains to be determined.

In summary, we have shown that loss of PiT2 leads to defects in bone and marrow adipose tissues, probably through a non-intrinsic defect of osteoblasts, osteoclasts and BMAds, leading to impaired bone quality and strength. Further identification is needed to decipher the underlying cellular mechanisms.
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Supplementary Figure 1 | Three-D visualization, using Hf-POM-based CE-CT, of the adipocytes in the bone marrow compartment of the proximal tibia of 3-week-old PiT2+/+ and PiT2-/- female mice.

Supplementary Figure 2 | Deregulation of BMAT volume in PiT2-/- male mice. (A) Upper - Representative 3D visualization, using Hf-POM-based CE-CT, of the adipocytes in the bone marrow compartment of the proximal tibia (2mm height from the growth plate) of 3- and 16-week-old PiT2+/+ and PiT2-/- male mice. Lower - Graph showing quantification of the volume fraction of the adipocytes in the proximal tibia PiT2+/+ and PiT2-/- mice at 3 weeks (n=5 and 3, respectively) and 16 weeks (n=6 and 5, respectively). Data are means ± SEM, Bonferroni-corrected Mann-Whitney test. (B) Relative PiT1, PiT2, Adiponectin and FABP4 mRNA expression in the whole tibia from 3- (n=5 per genotype) and 16- (n= 7 PiT2+/+ and n= 5 PiT2-/-) week-old PiT2+/+ and PiT2-/- male mice, as indicated. Data are means ± SEM, Mann-Whitney test, *p<0.05.

Supplementary Figure 3 | Three-D visualization, using Hf-POM-based CE-CT, of the adipocytes in the bone marrow compartment of the proximal tibia of 3-week-old PiT2+/+ and PiT2-/- male mice.

Supplementary Figure 4 | Adipogenic differentiation of BMSCs from PiT2-/- males. (A) Left - Representative images of PiT2+/+ and PiT2-/- BMSCs after adipogenic differentiation and ORO staining. Scale bar = 100μm. Right - Graphs showing the percentage of oil-red O (ORO) positive cells related to the total number of Hoechst-positive cells (left) and ORO absorbance at 520nm (right). (B) Relative PiT1, Adiponectin and FABP4 mRNA expression at 0 and 7 days of differentiation, n are indicated on graph bars. Data are means ± SEM, Mann-Whitney test.
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Bone marrow adipocytes (BMAds) constitute the most abundant stromal component of adult human bone marrow. Two subtypes of BMAds have been described, the more labile regulated adipocytes (rBMAds) and the more stable constitutive adipocytes (cBMAds), which develop earlier in life and are more resilient to environmental and metabolic disruptions. In vivo, rBMAds are enriched in saturated fatty acids, contain smaller lipid droplets (LDs) and more readily provide hematopoietic support than their cBMAd counterparts. Mouse models have been used for BMAds research, but isolation of primary BMAds presents many challenges, and thus in vitro models remain the current standard to study nuances of adipocyte differentiation. No in vitro model has yet been described for the study of rBMAds/cBMAds. Here, we present an in vitro model of BM adipogenesis with differential rBMAd and cBMAd-like characteristics. We used OP9 BM stromal cells derived from a (C57BL/6xC3H)F2-op/op mouse, which have been extensively characterized as feeder layer for hematopoiesis research. We observed similar canonical adipogenesis transcriptional signatures for spontaneously-differentiated (sOP9) and induced (iOP9) cultures, while fatty acid composition and desaturase expression of Scd1 and Fads2 differed at the population level. To resolve differences at the single adipocyte level we tested Raman microspectroscopy and show it constitutes a high-resolution method for studying adipogenesis in vitro in a label-free manner, with resolution to individual LDs. We found sOP9 adipocytes have lower unsaturation ratios, smaller LDs and higher hematopoietic support than iOP9 adipocytes, thus functionally resembling rBMAds, while iOP9 more closely resembled cBMAds. Validation in human primary samples confirmed a higher unsaturation ratio for lipids extracted from stable cBMAd-rich sites (femoral head upon hip-replacement surgery) versus labile rBMAds (iliac crest after chemotherapy). As a result, the 16:1/16:0 fatty acid unsaturation ratio, which was already shown to discriminate BMAd subtypes in rabbit and rat marrow, was validated to discriminate cBMAds from rBMAd in both the OP9 model in vitro system and in human samples. We expect our model will be useful for cBMAd and rBMAd studies, particularly where isolation of primary BMAds is a limiting step.
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1 Introduction

Similar patterns of bone marrow adipocyte (BMAd) formation occur in vertebrate species including rodents, rabbits, and humans. Specifically, a decreasing rate of BMAd has been observed relative to the decreasing size and lifespan of the animal, with larger skeletons containing more BM adipose tissue (BMAT) which extends farther into the skeleton (1). The distal parts of the skeleton (ie. peripheral bones in human, the distal tibia, paws, and caudal vertebrae in mice) predominantly contain adipocytic marrow interspersed with some hematopoietic cells, comprising the more stable constitutive BMAds (cBMAds) that appear just around birth. The proximal locations of the skeleton (ie. thoracic vertebrae in human and mouse, as well as proximal tibia and other long bones in mouse) contain predominantly hematopoietic marrow interspersed with the more labile regulated BMAds (rBMAds) (1–3). The rBMAds are smaller in size and respond readily to either induction of bone marrow adipogenesis through nutritional challenge (high fat diet or caloric restriction) and hematopoietic failure, or to BMAd mass reduction in the context of cold exposure and increased hematological demand (e.g. phenylhydrazine). On the other hand, it is argued that cBMAds do not respond readily to environmental demands (1, 4–7). Stromal cells and BMAds are tightly linked to BM hematopoiesis. Various stromal populations in mouse and human have shown to promote hematopoietic support while more mature BMAds associate with reduced hematopoietic proliferation (8, 9) as reviewed in (10, 11). Meanwhile, adiponectin expressing cells within the BMAd lineage are beneficial to hematopoietic regeneration in most bones, but not the caudal vertebrae of mice (12, 13). These studies indicate the probability for population- and location-specific distinctions of BMAd maturation that specifically affect hematopoiesis and respond to hematopoietic demand [reviewed in (14)].

Isolation of BM stroma for differentiation and analyses of BMAds in vitro to study these processes in mouse models is challenging due to the limited amount of BMAd material obtained from each bone or bone segment. Moreover, this is compounded by the fact that the defining surface markers that would aid in purification of BMAd progenitor populations in homeostatic mice do not discriminate between the labile and stable BMAds (8). With such constraints, a promising alternative to the use of primary cells for in vitro studies are multipotent BM-derived stromal cell lines differentiated in vitro, especially when studies are possible at the single cell level to address heterogeneity (15). For this purpose, we developed a high-throughput image platform to monitor adipocytic differentiation though LD accumulation quantified by Digital Holographic Microscopy in live cells, which requires minimal handling to avoid perturbation of the culture (16). While not limited by end-point analysis or the introduction of handling or preparation biases, this technique cannot provide information on the molecular composition of the cells. Methods capable of combining manipulation-free, label-free, single-cell imaging with analysis of molecular composition are thus of great interest to the field of adipogenesis at large. Raman microspectroscopy is a non-invasive and label-free method that does not require specific sample preparation. With a sub-cellular resolution on the scale of ~1µm Raman microspectroscopy provides molecular composition with spatial data where standard methods provide bulk information (e.g. mass spectroscopic and chromatographic methods) (17). We thus hypothesized that combining lipid profiling by Raman microspectroscopy with the inherently heterogenous in vitro stromal adipocytic differentiation model would serve as a powerful tool to aid in the understanding of BM adipogenesis.

LD formation (18) begins with fatty acids (FAs) that enter the cell either via fatty acid transport proteins or fatty acid translocase (19, 20), or which are synthesized through endogenous de novo lipogenesis (DNL). FAs then enter a bioactive pool to form fatty acyl-CoA to be used by glycerolipid synthesis enzymes in the endoplasmic reticulum (ER) to form neutral lipids such as triacylglycerols (TAGs) and eventually coalesce and form LDs (21). If attached to the ER, LDs may grow in size through diffusion of newly synthesized lipids to the LD, and if unattached, through local synthesis or fusion of smaller LDs to larger ones. LDs increase in size during adipocytic differentiation and perilipins (PLINs) bind to promote their stabilization (22). Lipases mobilize neutral lipids in LDs for metabolic energy by fatty acid oxidation, which is triggered through nutritional, hormonal, or inflammatory activation. Adipose triglyceride lipase (ATGL) catalyzes the initial step of intracellular TAG hydrolysis followed by hormone sensitive lipase (HSL) and monoacylglycerol lipase (MGL) into glycerol moieties (23, 24). FAs are necessary for energy production and lipid synthesis for cellular signaling and membrane formation. Despite their importance, increased concentrations of non-esterified FAs can be detrimental contributing to lipotoxicity, and thus TAG hydrolysis and FA cycling are carefully regulated (25, 26). As illustrated in Figure S1, the primary product of DNL is palmitic acid (16:0), in the family of saturated FAs that have cytotoxic effects and induce reactive oxygen species (ROS) (27). The monounsaturated FA (MUFA) oleic acid (18:1) may counteract this effect possibly by activating esterification of palmitic acid into TAGs and lipid droplet storage (28). Palmitic acid accumulation is therefore prevented by increased desaturation to palmitoleic acid (16:1n-7) or elongation to stearic acid (18:0) and further desaturation to oleic acid (18:1)  (29). Notably, oleic acid inhibits palmitic-acid dependent osteoclastogenesis and palmitic acid is found to be increased in BM serum of osteoporotic women (30). Indeed, BMAT expansion throughout the red marrow (likely equating to rBMAd expansion) is associated with bone loss and increased fracture risk, while cBMAd formation is positively associated with bone accrual during early development through correlative and descriptive studies (31).

While concrete definitions and BMAd classification markers are being established (32), the oldest standard for classifying the two known subtypes of BMAds is by the composition of their lipid content (33, 34). The first reports by Mehdi Tavassoli showed that the adipocytic-rich yellow marrow -now denominated cBMAd- from the os calcis of rabbits was higher in the proportion of unsaturated FAs (palmitoleic -16:1n-7- and oleic -18:1n-9- acids), whereas fatty acid composition of BMAds from the adipocyte-poor red marrow of thoracic vertebrae (rBMAds) was richer in saturated FAs (palmitic -16:0- and stearic -18:0- acids) (35). In recent years, primary rat cBMAds from tail vertebrae and distal tibia were likewise shown to contain a higher proportion of unsaturated fatty acids in caudal vertebrae or distal tibia as compared to rat rBMAds isolated from either lumbar vertebrae or femur plus proximal tibia combined (1). Congruently magnetic resonance (MR) imaging, 1H-MR spectroscopy, and gas chromatographic data from human subjects consistently showed that BM adipose tissue (BMAT) from sites of red marrow contained highly saturated lipids, compared to the mostly unsaturated lipids detected at yellow marrow sites (1, 35–38). From murine samples, it is considerably more challenging to obtain sufficient BMAT for analysis due to the size of the animal as well as the limited  amount of BMAT present in the bones (34). To our knowledge, the lipid composition of murine BMAds has not been described to date. However, between BMAT of red and yellow marrow there is a conservation of the differences in both the 16:1/16:0 and 18:0/18:1 fatty acid unsaturation ratios relative to total lipid content across species (summarized and compiled with our data in Table 1 and Figure S1, abbreviations and fatty acid nomenclature compiled in Table 2, 3).


Table 1 | Fatty acid unsaturation ratios in rat, rabbit, human, and OP9 cells from red and yellow BMAds.




Table 2 | List of general abbreviations.




Table 3 | List of fatty acid abbreviations.



In this study, we harness the inherent adipogenic potential of murine BM-derived OP9 stromal cells to further dissect intrinsic properties of BMAds using standard techniques for lipid profiling at the cell population-level, and Raman microspectroscopy for lipid profiling at the single-adipocyte level. We subjected OP9 cells to basal culture conditions or to a standard adipogenic cocktail, allowing the OP9 cells to differentiate spontaneously though serum exposure and confluency (sOP9) or through specific induction of the adipogenic differentiation program (iOP9). To test the hematopoietic supportive capacity of OP9 cells from these conditions, we assessed their interaction with hematopoietic stem and progenitor cells (HSPCs). We show that a full biochemical induction of the adipogenic differentiation program induces iOP9s to more closely resemble cBMAds in their lipid content, lipid droplet size and hematopoietic support than the sOP9 adipocytes that develop upon simple serum induction, which retain rBMAd-like properties. Furthermore, we validated the significance of the unsaturation ratio-driven cBMAd versus rBMAd definition. For this, we compared for the first time primary human samples from iliac crest samples drawn after hematological aplasia, which represent the most extreme case of rBMAd remodeling (3), to femoral specimens from hip replacement surgery, which represent one of the best characterized cBMAd depots (39, 40).



2 Methods


2.1 Cell culture

All stromal cells [MS5, C3H10T1/2, MC3T3-E1-4, MC3T3-E4-24 bone marrow stromal lines, AFT024 and BFC012 stromal lines from fetal liver (41) or embryonic stem cell-derived fibroblasts as in (42, 43)] were cultured in complete medium consisting of Minimum Essential Media alpha (MEMα) with GlutaMax™ (Gibco, catalog no. 32561) and 1% Penicillin/Streptomycin (P/S, Gibco, catalog no. 15140) supplemented 10% fetal bovine serum (FBS, Gibco, catalog no. 10270-106) at 37°C and 5% CO2 with media changed every 2-3 days, and differentiated as described below (44). For subsequent analysis, OP9 cells were plated in 24-well plates (Falcon) with CaF2 substrates (Crystran) for Raman microspectroscopy and RT-qPCR, or in 6-well plates (Falcon) for HPLC analysis, and in flat-bottom tissue culture-treated 96-well plates (Falcon) for co-culture assays. OP9 cells were either plated subconfluently at a density of 5,000 cells per cm2 (undifferentiated OP9 cells, uOP9) or plated at confluency of 20,000 cells per cm2 in complete medium (spontaneous OP9 cells, sOP9) for either 7 or 17 days, as specified in figure legends. Both OP9 cells and OP9-EGFP cells (16) were authenticated by the ATCC on June 24, 2021, by short tandem repeat (STR) analysis, indicating an exact match of the ATCC reference OP9 cell line (CRL-2749). OP9 cells are also directly available from the ATCC (CRL-2749), but this source has not been tested for adipogenesis or hematopoietic support in our laboratory.


2.1.1 In vitro differentiation and quantification

All stromal lines were plated at 20,000 per cm2 and cultured to confluency (uOP9) in 1% gelatin-coated plates (prepared overnight at 4°C), then allowed to spontaneously differentiate over time by confluency (sOP9) or induced toward adipocytic  (iOP9) or osteogenic differentiation via a standard differentiation cocktail as in (15, 44). The adipogenic induction cocktail consisted of complete medium supplemented with 1µM dexamethasone (Sigma, catalog no. D4902), 5µg/ml insulin (Sigma, catalog no. I0516), and 0.5mM isobutyl-methylxanthine (IBMX, Sigma, catalog no. I5879). After four days, the adipogenic induction medium was changed to a maintenance medium consisting of complete medium with insulin and dexamethasone only. Media was changed every 3-4 days with aliquots prepared fresh from stock solutions (IBMX in DMSO, insulin in PBS, dexamethasone in ethanol) kept at -20°C in the dark. Short-term differentiation experiments were performed at day seven of adipocytic differentiation with minimal culture manipulation as in (16), and long-term experiments were carried out on day 17. Neutral lipids were stained with Oil Red O for quantification of adipogenesis in 96-well plates. First, cells were gently washed with phosphate buffered saline (PBS, Gibco, catalog no. 10010015) then fixed for 10min at room temperature with 4% paraformaldehyde (PFA) diluted in PBS from 32% stock solution, and gently washed three times with PBS. 100µl filtered Oil Red O solution freshly prepared from stock solution (Sigma, catalog no. 01391-250ML) diluted 3:2 with distilled water was added to the wells. Cells were incubated with Oil Red O at room temperature for 45min on a shaker, then washed gently with PBS three times and light transmission micrographs were obtained. 100µl isopropanol was then added to the wells and incubated at room temperature. After 10min, 70µl of the solution was transferred to a new 96 well plate and OD measurements read at 520nm with isopropanol as background. Osteogenic differentiation was performed by addition of dexamethasone 1µM, 2-phospho-L-ascorbic acid 50µg/ml (1000x stock in PBS), glycerophosphate 10mM (100x stock in PBS) and 1,25-hydroxyvitamine D3 0.01µM (stock 1000x in ethanol) for 28 days. Every 3-4 days differentiation media was changed. All media changes were made with fresh stock aliquots. Efficiency of osteoblastic differentiation was determined with Alizarin Red stain (Sigma) in stromal cells fixed as described above for O Red Oil stains. Alizarin Red staining solution (alizarin red 2% in distilled water, filtered through 45-µm pore, pH adjusted to 4.0-4.3 with NH4OH and filtered again) was then added for 10-15 minutes until precipitates were visible. Alkaline Phosphatase development kits were purchased from Promega (S3771), and OP9 stains were performed according to manufacturer’s instructions in lightly fixed cells (4%PFA for 1 minute at room temperature) by dilution of NBT in AP staining buffer (100mM Tris HCl pH9.5, 50mM MgCl2, 100mM NaCl and 0.1% Tween-20). Pictures were taken immediately after staining.




2.2 Raman microspectroscopy

Fixed 24-well plates were kept in PBS at 4°C and shipped to the University of Lille. Raman acquisitions were done on a LabRAM HR800 equipped with an immersion objective (Nikon, obj x100, numerical aperture = 1, Japan) and a diode laser λ=785 nm. The laser power at the sample was 30mW. The lateral resolution was 1-2µm. Spectral acquisition was made in the 400–1800cm-1range and spectral resolution was 4cm−1. The acquisition time was set at 60s per spectrum. Raman spectra were processed using Labspec software (HORIBA, Jobin-Yvon, France). The water immersion objective focused the laser on the center of individual lipid droplets where one spectrum corresponds to one adipocyte lipid droplet. In total 2944 spectra were measured over 120 sOP9-adipocytes (on average 24 spectra per adipocyte) and 2971 spectra over 138 iOP9-adipocytes (with an average of 21 spectra per adipocyte). The number of spectra per well was between 60 to 110. The unsaturation ratio was calculated as ratio of area under the curve of bands 1654cm-1/1441cm-1. The optical image of the adipocyte was saved for each acquisition. The diameter of LDs was evaluated from the optical image by using the software FIJI (45).

The instrument is also equipped with a XYZ motorized stage which allows the acquisition of Raman images. Raman images were acquired using the point-by-point imaging mode (Pt-Img). The laser beam was focused perpendicular to the sample surface. Acquisition time was set to 3sec (×2) for each spectrum. The laser beam was stepped in two dimensions (x and y), and a spectrum was recorded at each position (x,y). The step was set to 1 µm between 2 positions. The Pt-Img mode generated x×y spectra.



2.3 High-performance liquid chromatography

Cells were fixed with PFA as described above for adipocytic quantification. After washing, 500µl of PBS was left in the wells, plates were sealed with parafilm and stored at 4°C until processing for HPLC analysis. Cells were detached from the plate with 1mL (2 x 0.5ml) of PBS and lipids extracted with chloroform/methanol (2:1; v/v) under agitation for 30min at room temperature. The resulting lipid extract was then subjected to saponification, followed by fatty acid derivatization into naphthacyl esters as described previously (46). Fatty acid derivatives were applied into the HPLC Alliance system (2695 Separations Module, Waters, Saint-Quentin-en-Yvelines, France) equipped of an autosampler (200ml-loop sample), a photodiode array detector (model 2998), and the Empower software for data analyses. Fatty acid derivatives were eluted on a reverse phase YMC PRO C18 column (3mm, 4.6x150mm, 120Å) by using two solvent systems: a) methanol/acetonitrile/water (64:24:12; v/v/v) and, b) methanol/dichloromethane/water (65:28:7; v/v/v) under identical conditions reported previously (46). Fatty acid derivatives were detected at 246 nm and quantified by an external standard curve realized with the naphthacyl 19:0 derivative. Note that 19:0 was also used as internal standard to evaluate FA recoveries. Lipidomics LC-HRMS standards and solvents are provided in Table S1.



2.4 Real-time quantitative PCR

At day 7 or 17 of adipocytic differentiation, RNA was extracted with Trizol and cDNA was synthesized using Taq DNA polymerase (catalog no. 10342020, Life Technologies) according to manufacturer’s instructions. Quantitative PCR was performed in technical triplicates using the Fast SYBR Green qPCR Mastermix with 250 μM of primer concentration (Applied Biosystems) on QuantStudio 6 (Life Technologies). Primers were pre-validated for high efficiency and housekeeping gene primers were internally tested not to vary upon OP9 differentiation. The geometric mean of housekeeping genes (RPL13 and YWHAZ) was used as reference to calculate the fold expression of each gene relative to the samples of undifferentiated OP9 cells as described for the delta-delta normalization method (47, 48). Primer sequences obtained from Microsynth are listed in Supplementary Table S2.



2.5 Bone marrow extraction and HSPC sorting

Total bone marrow was extracted from eight-week-old B6 ACTb-EGFP females housed in 12-hour day-night light cycles and provided ad-libitum sterile food and water as described previously, in accordance to Swiss law and ARRIVE guidelines,  with the approval of cantonal authorities (Service Veterinaire de l’Etat de Vaud). Total bone marrow cells were extracted from femur, tibia and pelvis by crushing using a mortar and pestle in ice-cold PBS supplemented 1mM ethylenediaminetetraacetic acid (EDTA, catalog no. 15575020, Thermo Fisher Scientific). The samples were dissociated and filtered through a 70µM cell strainer (catalog no. 352350, Falcon), lysed for 30sec at room temperature in red blood cell lysis buffer (Biolegend, catalog no. 420301), washed with ice-cold PBS-EDTA and centrifuged at 1300rpm for 10min at 4°C. For HSPC sorting prior to co-culture with OP9 stroma, the cell pellet was stained with 50µl biotinylated ‘lineage’ antibody cocktail (BD, catalog no. 558451) in 1ml PBS-EDTA per six bones for 15min on ice. The sample was washed with PBS-EDTA and stained with 50µl magnetic beads of the same kit in PBS-EDTA for 10min on ice. The samples were then washed and filtered through a 70µm cell strainer (catalog no. 352350, Falcon) prior to lineage depletion using the AutoMACS Pro (Miltenyi Biotec, USA). After depletion the negative fraction was resuspended in an antibody mix containing antibodies against Streptavidin-TxRed (1:200), cKit-PECy7 (1:200), Sca1-APC (1:100) and PI (1:1000). Cell sorting was performed on a FACSAria Fusion (Becton Dickinson, USA) cell sorter.



2.6 In vitro HSPC co-culture

OP9 cell seeding as detailed in Section 2.1, was followed by short-term in vitro adipocyte differentiation of OP9 cells, and then a gentle wash with PBS and pre-warmed Iscove’s Modified Dulbecco’s Medium (IMDM, catalog no. 12440053, Gibco) supplemented with 10% FBS and 1% Pen/Strep (P/S) was added. The washing was done using the Caliper Sciclone ALH 3000 (Caliper Life Sciences, USA) and consisted of four cycles of removing 140µl media and adding 140µl fresh IMDM media, to dilute the previous media so as to keep mature adipocyte detachment to a minimum. The wells were left with 100µl IMDM 10% FBS and 1% P/S. HSPCs extracted from B6 ACTb-EGFP mice were plated at a ratio of 1:10 initial OP9 cells (in volume of 100µl IMDM, totaling 200µl volume per well).

After seven days of co-culture, the 96-well plates were removed from the incubator and placed on ice. To count non-adherent cells, the cells in suspension were retrieved through repeated washes and stained with CD45-PacBlue at final concentration of 1:200, PI at 1:1000 and 5µl CountBright beads (catalog no. C36950, Invitrogen) directly added to the media. Without any further manipulation, the plates were analyzed using the High Throughput Sampler (HTS) module of a LSRII (Becton Dickinson, USA) flow cytometer. For accuracy, the settings were programmed to mix the wells thoroughly before sample uptake. To count adherent cells, a separate set of duplicate plates were taken from the incubator, the media manually removed, and wells washed once with 200µl PBS. 40µl of Trypsin EDTA (0.5%, catalog no. 25300-054, Gibco) was added to each well and incubated for five minutes at 37°C. 160µl of ice-cold PBS containing FBS (to neutralize the trypsin), CD45-APCCy7 (1:200), PI (1:1000) and 5µl CountBright beads were then added to the plates. The plates were stained on ice and directly analyzed by flow cytometry.


2.6.1 In vitro conditioned media preparation and culture

Conditioned media was prepared for four different conditions as follows. For the undifferentiated condition, undifferentiated OP9 cells were seeded in six-well plates at confluency (20,000 OP9 cells/cm2) in IMDM (catalog no. 12440053, Gibco) supplemented 10% FBS and 1% P/S (basal IMDM) and conditioned medium was harvested after two days in culture and stored at -20°C. For the spontaneous differentiation conditions, confluent OP9 cells were grown in MEMα as described for the short-term differentiation assays except that at day five media was changed to IMDM following three washes; conditioned medium was then harvested after two days and stored at -20°C. For the induced adipocytic conditions, confluent OP9 cells underwent the short (5 day) or long (17-day) DMI adipogenic induction protocols before changing media to basal IMDM for two additional days of culture; conditioned medium was then harvested and stored at -20°C. Subsequently 2000 live-sorted HSPCs were plated per well in 96-well round-bottom plates in the absence of stroma. Different ratios of conditioned-to-basal IMDM media were added. After two-day culture the cells were stained with Annexin V, Propidium Iodine (PI) and CD45 to select for live CD45+ hematopoietic cells via flow cytometric analysis with an LSRII cytometer (Becton Dickinson, USA). CountBright beads were added to count absolute cell numbers as described above.



2.6.2 Cobblestone formation assay

OP9 cells were plated at 20,000 cells/cm2 in gelatin-pre-coated 6-well plates and cultured with α-MEM media supplemented with 10%FBS and 1%P/S. The cells were induced to differentiate using the standard differentiation cocktail DMI, which was changed two times per week. After seven days of differentiation, the media was washed three times with PBS and changed to basal IMDM. On the same day, 200 sorted KLS cells were added into each well. After 7 days of co-culture the hematopoietic colonies were manually counted (49) and scored the following way: (i) shiny colonies (defined by majority of round and bright cells, as they float above the OP9 stromal layer, with no more than 10 cobblestone cells visible per colony; (ii) cobblestone colonies (defined as darker ‘cobblestone’-like cells, because they are below the OP9 stromal layer) should not contain more than 20% of shiny cells; and (iii) mixed colonies that contain both shiny and cobblestone cells (50–52).




2.7 Clinical samples

This study complied with the Declaration of Helsinki and the local ethical authorities (CER-VD). All patients signed a specific consent for the reuse of biological samples in the context of our study. For HPLC, iliac crest BM aspirates from female and male patients undergoing treatment for acute myeloid leukemia (between ages 48 and 73, n=5) or surgical debris from patients undergoing hip replacement surgery (between ages 56 and 80, n=4) were received for analysis from the Lausanne University Hospital (Centre Hospitalier Universitaire Vaudois, CHUV). Floating adipose tissue, bone marrow serum, and oil fractions were isolated and processed for lipid extraction and processed as described for OP9 lipidomics.



2.8 Statistical analysis

Values are shown as mean plus or minus the standard deviation or standard error of the mean as indicated. Student’s t-test was performed for all experiments when comparing two conditions only, or a Two-Way ANOVA when comparing multiple conditions, with P-values indicated for statistical significance.

Raman spectra were processed by using the PLS Toolbox and the MIA toolbox (v8.7 eigenvector Research, Inc., USA). The spectra were baseline corrected, normalized and mean centered. Two processes were done on Raman spectra. First, cluster analysis (CA) was performed using Ward’s method. CA clustered individual Raman spectra into 3 categories (saturated-rich lipids, unsaturated-rich and mixture of saturated and unsaturated lipids). Second, principal component analysis (PCA) was used which highlighted the difference in spectral features between the spontaneous and induced conditions. All data are reported as mean ± standard deviation. All statistical analyses were performed using GraphPad Prism (version 8.0.0, GraphPad Software). Mean values were compared by Mann and Whitney test, or two-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. Statistical significance was accepted for P<0.05, and reported.




3 Results


3.1 Differential adipocyte lipidation and similar transcriptional signature upon adipogenic induction by confluency (spontaneous) versus DMI cocktail (induced).

We chose murine BM-derived OP9 stromal cells as a model for this study because of their propensity to differentiate into adipocytes while displaying both hematopoietic support and dual adipogenic and osteogenic differentiation capacities as compared to other commonly used murine stromal lines including BM-derived MS5 and C3H10T1/2 lines or MC3T3 subclones (Figures S2A-C and [44)]. Note retention of alkaline phosphatase (AP) activity in confluent and fully mature, lipidated OP9-derived O Red Oil positive adipocytes (Figure S2D), reminiscent of properties assigned to hematopoietic supportive AP+ reticular adventitial cells in the bone marrow (53) and possibly of AdipoCARs (54).

The non-clonal OP9 stromal cell line (55, 56) was originally derived from the calvaria of newborn osteopetrotic mice [(C57BL/6xC3H)F2-op/op] deficient in macrophage colony-stimulating factor (M-CSF), and were shown optimal for studies of hematopoietic cell development and differentiation sensitive to M-CSF (57, 58). OP9 cells have been described as preadipocytes with multilineage differentiation capacity which readily generate mature adipocytes, and express the transcriptional activators CCAAT/enhancer binding proteins (C/EBP) α and β, together with the master regulator of adipocyte differentiation peroxisome proliferator activated receptor-γ (PPARg), and perilipin (PLIN), a phosphoprotein associated with the surface of lipid droplets (LDs) (22, 56). Thanks to their multipotency, hematopoietic support, and adipocytic differentiation capacities, OP9 cells are thus ideal for in vitro studies on BM adipogenesis. Due to their non-clonal nature and inherent heterogeneity, they serve as a BM model for studying BMAd differentiation at the single cell level.

In vitro, the OP9 cell line spontaneously differentiates into adipocytes upon confluency in the presence of serum (spontaneous OP9 adipocytes, sOP9), a phenomenon that can be more robustly promoted by exposure to a classical adipocytic differentiation cocktail consisting of insulin, dexamethasone, and 3-isobutyl-1-methylxanthine (induced OP9 adipocytes, iOP9) (22, 55). After 17 days in culture, both sOP9 and iOP9 culture conditions contained numerous differentiated OP9-adipocytes (Figure 1) with a significantly greater prevalence of Oil Red O staining of lipids in the induced condition (iOP9) (p<0.01) as compared to control baseline undifferentiated OP9 cells plated at sub-confluency (uOP9) (Figure 1G). Spontaneous OP9-adipocytes formed under the minimal confluency condition (sOP9) and stained with Oil Red O at intermediate levels between undifferentiated uOP9 cells and induced iOP9 cultures (Figure 1G). No significant amount of mature adipocytes could be visualized in the uOP9 condition (Figures 1A, D). Adipocytes were defined as previously described, where cells containing at least four identifiable lipid droplets were accounted as mature adipocytes (59). Morphologically, both sOP9 and iOP9 adipocytes stained with Oil Red O at day 17, but iOP9 adipocytes constituted the majority of the cultures and often contained large lipid droplets, while sOP9 adipocytes were sparser and their lipid droplets seemed smaller.




Figure 1 | Heterogeneity in the formation of lipidated adipocytes upon induction of adipogenesis by confluency and serum exposure (spontaneous) versus DMI cocktail (induced). OP9 cells were (A–D) passaged subconfluently and remained undifferentiated on day 17 of culture, (B, E, H) differentiated spontaneously upon confluency in the presence of serum for 17 days, or (E, F, I) induced with a classical adipogenic differentiation cocktail in the same serum-containing conditions after confluent plating and 17 days in culture. (G) Oil red O measurements show the highest adipogenic differentiation in the induced condition at day 17 in culture. **P<0.01 by student’s t-test. Error bars represent mean ± s.d. (n = 3 biological replicates). DMI: 1µM dexamethasone, 0.5mM isobutyl-methylxanthine, 5µg/ml insulin.



Given the intermediate phenotype of sOP9 adipocytic cultures, containing a mixture of mature adipocytes and non lipidated stromal cells likely including preadipocytes, we wished to determine whether the transcriptional profile and lipid composition of these cultures more resembled the undifferentiated uOP9 cultures or the highly lipidated iOP9 adipocytic cultures. We thus compared transcriptional adipocyte differentiation markers by RT-qPCR and the global fatty acid (FA) composition by high performance liquid chromatography (HPLC) for the three conditions.

RNA transcripts for the canonical adipocyte differentiation and maturation program (Fabp4, Adipoq, Cebpa, Pparg, Lpl, Pnpla2 -also known as Atgl-) in the sOP9 condition most resembled iOP9 adipocytic cultures, with average gene expression more than 10 times higher for the sOP9 and iOP9 conditions than for the control uOP9 condition (Figure 4A). These results were further validated in the OP9-EGFP cell line used in previous studies [Figures S3A, B (15)]. Further analysis of the desaturation and elongation pathway for fatty acid synthesis showed a similar pattern (Figure 4B), with overall higher expression for the sOP9 and iOP9 adipocytic conditions as compared to the uOP9 undifferentiated condition. Of note RNA transcripts for Sds1 and Fads2 were however significantly between sOP9 and iOP9 cultures. We thus conclude that, at the population level, expression of genes related to the adipocyte differentiation and fatty acid desaturation programs is similar for both sOP9 and iOP9 adipocytic conditions after 7 days of culture, suggesting that the transcriptional program is triggered in sOP9 cells prior to lipid droplet accumulation.




Figure 2 | Population level differences in lipid composition are more marked than differences in the canonical adipocytic transcriptional signature for spontaneous versus induced cultures. (A) RT-qPCR markers of adipogenesis are increased in induced OP9-adipocytes. (B) Desaturase expression is highest in day 17 induced OP9-adipocytes while one of the elongases in fatty acid de novo synthesis is decreased. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 by Bonferroni’s multiple comparisons test. Error bars represent mean ± s.d. (n = 3 independent experiments). (C–G) HPLC analysis of spontaneously differentiated or induced OP9 adipocytes revealed (C) nuances of the most abundant saturated, mono-, and polyunsaturated lipid species, with (D) overall total higher unsaturation content in induced versus spontaneous conditions. (E) Percentage of individual fatty acid species reveals (F) a greater 16:1/16:0 unsaturation ratio in the induced condition. (G) Unsaturation ratios 18:1/18:0 were not significantly different. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 by ANOVA test with Bonferroni’s multiple comparisons adjustment. Error bars represent mean ± s.d. (n = 3 independent experiments). HKGs; housekeeping genes.



Conversely, total FA content and profiles were similar for control uOP9 cells and the sOP9 adipocytic condition as measured by HPLC analysis. Classical adipogenic induction of iOP9 cells resulted in a 16-fold increase of total FA content as compared with sOP9 cells or uOP9 cells (2.4x105 ± 2.2x104pmol/cm2 versus 1.5x104 ± 7.0x103pmol/cm2 and 17.4x104 ± 3.7x104pmol/cm2 respectively, Figure 2C). FA profiles revealed a preferential enrichment of MUFAs in iOP9 cells (47% MUFAs versus 38% in uOP9s and 36% in sOP9 cells), mostly to the detriment of PUFAs (only 2% in iOP9 cells versus 6% PUFAs in uOP9s and 10% in sOP9 cells, p<0.0001) (Figures 2D, G). In terms of individual FAs, the most striking finding was the marked high ratio of palmitoleic acid (16:1) in iOP9 cells, representing 29% of total FA (versus 9% in uOP9 or sOP9 cells, p=0.007) (Figures 2D, E). This result was associated to a reduction of 18 carbon FAs in iOP9 cells and a trend towards a consistent reciprocal enrichment of 18 carbon FAs in sOP9 cells: stearic acid (18:0, sOP9 11% vs. iOP9 4%, p=0.02), oleic acid (18:1, sOP9 26% vs. iOP9 16%, p=0.07) and linoleic acid (18:2 n-6, sOP9 4% vs. iOP9 1%, p=0.007). The most abundant PUFA species was arachidonic acid (20:4 n-6). In relative terms, linoleic (18:2 n-6) and arachidonic acid (20:4 n-6) were significantly enriched in the sOP9-adipocytes at 5% of total FA while making up only 1% of total FA in iOP9-adipocytes. Notably, the ratio of palmitoleic acid (16:1) versus its saturated form (stearic acid, 16:0) in iOP9 adipocytes was three times higher than in sOP9 adipocyte cultures or uOP9 control cells (Figure 2E). The ratio of oleic acid (18:1) versus its saturated form (stearic acid, 18:0) showed a similar but non-significant trend (Figure 2F). These results are very similar to those obtained on rats’ tibiae when comparing lipid profiles from constitutive adipocytes versus regulated adipocytes (1). Our data is also congruent with the results shown for rabbit BMAds when comparing FA composition of rabbit BMAs from rBMAd-rich versus cBMAd-rich sites ( (35) and summarized in Table 1).

Overall, these results indicate that, at the population level, sOP9 adipocytic cultures share transcriptional similarities in the adipocyte differentiation program with iOP9 cells, but are less lipidated and present lower abundance of unsaturated FAs. This constellation would be consistent with our hypothesis that sOP9 adipocytic cultures present similarities with regulated BMAds, and thus an enrichment in saturated FA, as compared to cBMAd-like iOP9 adipocytic cultures. Given the heterogeneous lipidation of sOP9 adipocytic cultures and the inevitably bulk nature of our RT-PCR and HPLC-based analysis, we set out to validate our hypothesis through a single cell analysis pipeline that could directly compare sOP9 and iOP9 adipocytes on their relative FA acid composition at the single cell level.



3.2 Raman microspectroscopy detects unsaturated spectra at the single lipid droplet level in spontaneous and induced OP9-derived adipocytes.

Raman microspectroscopy represents a powerful yet non-invasive and label-free method to assess the lipid composition of adipocytes in vitro. The unsaturation ratio is recognized as a measure of the proportion of unsaturated FA obtained by the ratio of the peak area assigned to unsaturated bonds (C=C) divided by the peak area assigned to saturated bonds (CH2) (Equation 1) (60–63).

 

Equation 1: Lipid unsaturation ratio measured by Raman microspectroscopy.

Our feasibility test with Raman microspectroscopy imaging showed that it was possible to acquire Raman spectra at single lipid droplet (LD) resolution in our model (Figure 3). After 17 days of culture, Raman spectra, representative of the molecular composition of individual LDs, were acquired for sOP9 and iOP9 adipocytes through high resolution Raman imaging. No analysis was performed for the undifferentiated (uOP9) condition as it presented with very few, if any, LDs. Raman images of individual adipocytes were processed by PCA. The PCA shows that a mixture of spectra exists between the adipocytes but also within the LDs themselves, as illustrated by the Raman images (Figures 3B, E). In Figure 3C, the PC1 scores (96.68%) show a representative spectrum rich in unsaturated lipids for the iOP9 adipocyte shown in Figures 3A, B. In Figure 3F, the PC1 scores (95.69%) show a spectrum representative of a saturated rich lipids for the sOP9 adipocyte shown in Figures 3D, E. Figure S4 shows the additional variation captured by PC2 and PC3 (<5%) for the same two adipocytes shown in Figure 3. We conclude that LDs composed of predominantly unsaturated-rich or saturated-rich lipids can be identified through Raman microspectroscopy within OP9-derived adipocytes at single LD resolution.




Figure 3 | Raman microspectroscopy detects unsaturated spectra at the single lipid droplet level in spontaneous and induced adipocytes. (A) An optical image of an adipocyte in the induced condition (iOP9) analyzed by Raman imaging. (B) Raman image of the scores of PC1 in induced condition. Pixels in black represent a score of PC1 equal to zero, which corresponds to the absence of PC1. Pixels in shades of blue correspond to the contribution of PC1. (C) Loading PC1 is characteristic of a spectrum of unsaturated lipid-rich and captures more than 95% of the variation. (D) An optical image of an adipocyte in spontaneous condition (sOP9) analyzed by Raman imaging. (E) Raman image of the scores of PC1 in spontaneous condition. Pixels in black represent a score of PC1 equal to zero, which corresponds to the absence of PC1. Pixels in shades of red correspond to the contribution of PC1. (F) Loading PC1 is characteristic of a spectrum of saturated lipid-rich. The Raman images of the scores and the loadings of PC2 and PC3 capture less than 2% and are presented in supplementary files (Figure S4).





3.3 Raman microspectroscopy reveals differential predominance of unsaturated spectra in large lipid droplets from induced adipocytes

In order to determine if significant differences exist in the unsaturation ratio of FAs accumulated within sOP9 versus iOP9 adipocytes, we thus proceeded to the acquisition of Raman spectra from individual LD in both conditions and throughout 3 separate experimental campaigns (iOP9: n = 138 adipocytes and 2971 spectra; sOP9: n = 120 adipocytes and 2944 spectra; lateral resolution 1-2µm), and combined all data for aggregated principal component (PC) analysis in both conditions. Figure S5 shows the classification of spectra using unsupervised hierarchical cluster analysis, which predicted three main categories: saturated-rich, unsaturated-rich and mixture. The representative spectrum of each category is shown in Figure 4A. PCA was then performed on the averaged spectra per adipocyte. The PC1 loading plot contains characteristic spectra where the positive peaks correspond to saturated lipids (1061, 1129, and 1296 cm-1, represented in red for Figures 4A, B) and the negative peaks correspond to unsaturated lipids (1080, 1267, and 1655 cm-1, represented in blue for Figures 4A, B) (60). PC1 captures 78.20% of the variability of the overall dataset, and separates the Raman spectra based on the saturated-rich and unsaturated-rich profiles (Figure 4B). On the PCA score plot, each point represents an averaged spectrum per adipocyte (Figure 4C). Most of the spectra from iOP9-adipocytes (81%) form a cluster in the negative score along PC1, while the spectra of sOP9-adipocytes are scattered along PC1. This indicates that the molecular composition of LDs in sOP9-adipocytes is heterogeneous compared to iOP9-adipocytes, and that iOP9-adipocytes are enriched in unsaturated-rich lipids. Score plots in Figures 4C, D are equivalent, but the points in Figure 4C are colored according to PC1 scores, and the points in Figure 4D are colored according to the culture condition. Specifically, the points in dark red and dark blue in Figure 4C correspond to Raman spectra of saturated-rich and unsaturated-rich lipids, while intermediate colors point to Raman spectra of a rather balanced mixture of saturated and unsaturated lipids. PCA analysis shows that LDs in iOP9-adipocytes are mainly rich in unsaturated lipids, while LDs in sOP9-adipocytes are composed of a rather balanced mixture of unsaturated and saturated lipids (Figure 4D). However, when comparing the averaged raw unsaturation ratio (based on averaged spectra per adipocyte) we found no significant difference between iOP9 adipocytes and sOP9 adipocytes (Figure 4E). At the adipocyte level, both conditions have a similar averaged unsaturation ratio. This result is explained by PCA analysis which shows that LDs of both conditions are not solely composed of either uniformly saturated or unsaturated lipids, but rather by different mixtures thereof. We thus took advantage of the 1-2μ resolution of our setup and performed the analysis at the single LD level.




Figure 4 | Raman microspectroscopy reveals predominance of unsaturated spectra in induced adipocytes, with heterogeneity in the unsaturation ratio for the spontaneous condition. (A) Representative Raman spectrum of saturated-rich, unsaturated-rich lipids and mixture identified by unguided hierarchical cluster analysis. (B) Loading plot PC1 indicates the discriminant peaks for saturated versus unsaturated designation, the color is associated to the attribution of specific Raman bands: saturated in blue, unsaturated in red (n = 3 independent experiments, pooled for PCA analysis). (C) PCA score plot of Raman spectra labelled according to spontaneous (orange) and induced (green) OP9-adipocytes. (D) The same PCA score plot as (C) labelled according to the assignment of Raman spectra as saturated (red) and unsaturated (blue) lipids based on the PC1 loading determined by (B) For panels C and D, each point is a single adipocyte with all its lipid droplet data points averaged. n (induced) = 138 adipocytes, 2971 spectra; n (spontaneous) = 120 adipocytes, 2944 spectra. (E) Unsaturation ratios of spontaneous and induced at adipocyte level. The unsaturation ratio of sOP9 adipocytes is not different from iOP9 adipocytes (P = 0.0855 by Mann-Whitney test).



First, we hypothesized that the smaller diameter of LDs in sOP9 adipocytes may be related to their lower unsaturation ratio, owing to the higher mobilization rate of unsaturated FAs (64). We thus plotted LD diameter versus unsaturation ratio (Figures 5A, B). The LD diameter did not correlate with the unsaturation ratio. Specifically, correlation analysis for the LD diameter to unsaturation ratio shows that the parameters are not linearly correlated in either condition (Figures 5A, B, R²spont=0.0013; R²ind=0.0107). Even when the spectra are separated according the 3 types of lipids (saturated-rich, unsaturated-rich and mixture) the LD diameter and the unsaturation ratio are not linearly correlated. All the R² are inferior to 0.05 (Figure S6). Since, no correlation was observed, the LD diameter and the unsaturation ratio were explored separately.




Figure 5 | Induced adipocytes are composed of larger lipid droplets than spontaneous adipocytes, but there is no overall correlation between lipid droplet diameter and unsaturation ratio. (A, B) Unsaturation ratio as a function of the diameter of the LDs for sOP9 versus iOP9 adipocytes (n = 3 independent experiments, pooled for LD analysis). The low R2 for both conditions indicates that the diameter of the LDs is not correlated with the unsaturation ratio. Dashed lines represent the correlation line. The Y axis is colored as function of the score of PC1. The circles in dark blue corresponds to LDs identified as unsaturated rich. The circles in dark red correspond to LDs identified as saturated-rich. The circles in yellow and light blue correspond to LDs identified as mixture. (C) Histogram for frequency of LDs as a function of the diameter for the spontaneous and induced condition. Vertical lines show the mean diameter of the LD for each condition. The mean diameter of LDs is 5.24µm (±1.85µm) and 7.87 µm (±3.83µm) for sOP9 adipocytes and iOP9 adipocytes, respectively. The LDs mean diameter of sOP9-adipocytes is significantly lower compared to iOP9-adipocytes (P < 0.0001, Mann-Whitney test). (D, E) When separated according to LD type a trend toward larger unsaturated lipid droplets in the induced condition is observed. (F) Unsaturation ratios of sOP9 versus iOP9 at LD level. LDs from iOP9 adipocytes have a higher mean unsaturation ratio compared to LDs from sOP9 adipocytes. (P < 0.0014, Mann-Whitney test). (G) At single droplet resolution, larger droplets (>10µm) have a higher unsaturation ratio as compared to smaller lipid droplets, while smaller droplets (<10µm) in induced OP9-adipocytes (n = 1973) have a higher unsaturation ratio than those of spontaneous OP9-adipocytes (n = 2579). Highest unsaturation ratio overall is seen in large droplets from spontaneous OP9-adipocytes (n = 41). (H) Unsaturation ratio as a function of the condition (spontaneous and induced) and the nature of the lipid (saturated-rich, unsaturated-rich and mixture). *P < 0.05, ****P < 0.001 by Kruskal-Wallis test. The lipid droplet of spontaneous unsaturated-rich have the higher unsaturation ratio compared to induced unsaturated-rich. **p<0.01.



The averaged LD diameter was significantly lower (p<0.0001) in the sOP9-adipocytes (5.24 ± 1.85µm) than the iOP9-adipocytes (7.87 ± 3.83µm) (Figure 5C). When we further separated LDs by type of lipids, we found that saturated-rich, unsaturated-rich or mixture LDs are not different in their average composition when originating from iOP9 or sOP9 adipocytes, but unsaturated LDs are more frequent in iOP9s while saturated LDs are more frequent in the sOP9 condition (Figures 5D, E; S5B). Unsaturated-rich LDs are overall bigger in size than saturated-rich LDs, with a predominance in iOP9 adipocytes, particularly above the diameter of 10 µm. In iOP9 adipocytes, the number of unsaturated-rich LDs is higher compared to sOP9 adipocytes for LD diameter superior to 10 µm.

Then, the averaged unsaturation ratio per condition were obtained from individual spectra of LDs. The unsaturation ratio of iOP9 condition (0.17 ± 0.05) is significantly higher than sOP9 condition (0.14 ± 0.05, p=0.0014). Also on average, LDs of iOP9 condition have more unsaturated-rich lipids compared to the LDs in sOP9 condition. Since differences are observed between sOP9 and iOP9 around a LD diameter of 10 µm (Figure 5E), the unsaturation ratio of LDs was investigated as function of the threshold of 10 µm (Figure 5G). The larger LDs (>10µm) have the highest unsaturation ratio compared to smaller LDs. Smaller LDs (<10µm) from iOP9 adipocytes have a higher unsaturation ratio compared to sOP9-adipocyte. Then, we investigated the unsaturation ratio as a function of the 3 types of LDs, namely saturated-rich, mixture or unsaturated-rich. Although we found consistent differences between the three classes of LDs, there were no significant differences between LDs of the same class in sOP9 adipocytes versus iOP9-adipocytes (Figure 5H). Not surprisingly, mixture LDs showed the greatest heterogeneity in their unsaturation ratio (Figure 5H). Overall, we conclude from this data that iOP9 adipocytes contain significantly bigger LDs and more frequently unsaturated LDs than sOP9 adipocytes. In vivo, both higher LD diameter and higher FA unsaturation are characteristics of cBMAds, while smaller LD diameter and lower unsaturation ratio are characteristics of rBMAds. We could not find a consistent relationship between LD diameter and unsaturation ratio.



3.4 Hematopoietic support capacity of sOP9-adipocytes is superior to that of iOP9-adipocytes

Another in vivo property of rBMAds as compared to cBMAds is their differential capacity to serve as a supportive niche to hematopoietic progenitor cells. Indeed, cBMAds are associated to the hematopoietic poor -yellow- regions of the marrow, while rBMAds are associated to the hematopoietic-rich -red- regions of the marrow. To determine whether sOP9 versus iOP9 cultures behave different in terms of hematopoietic support, we co-cultured murine hematopoietic stem and progenitor cells (HSPCs) isolated as cKit+Lin-Sca1+ (KLS) cells for seven days with the differentiated OP9 cells at a ratio of 1 HSPC to 10 OP9 cells. As in previous work (65), this high ratio of KLS to OP9 cells serves to avoid dispersion due to HSPC heterogeneity and avoids downstream stochastic, clone effects on analysis secondary to differences in the content of the most primitive and thus proliferative HSPCs across wells, which although small, would be exponentially exaggerated after co-culture. At the end of the seven-day co-culture period, flow cytometric analysis revealed that total hematopoietic expansion of 2,000 seeded HSPCs was 4.5-fold lower (p<0.0001) when iOP9 cultures were used as feeder as compared to the sOP9 condition (Figure 6A). Of note, total hematopoietic cells in suspension were significantly lower in the iOP9 versus sOP9 condition (p<0.05) whereas the more immature progenitor cells that are typically in close contact and adherent to the feeder cells were proportionally lower in the sOP9 condition. This suggests that iOP9 cultures may preferentially favor support of the more primitive hematopoietic progenitors, which is congruent with previous data from purified human BMAd as compared to undifferentiated stromal cells (9). The more hematopoietic progenitor supportive function of the sOP9 condition is also illustrated by the quantification of colonies formed by day 7 of co-culture (Figure 6B). The total number of hematopoietic colonies per initial number of HSPCs seeded, was significantly higher in the sOP9 coculture (0.13 colonies per initial KLS seeded) than in the iOP9 coculture (0.01 colonies per initial KLS seeded). All three colony categories, from the shiny consisting of more mature hematopoietic cells to the mixed and cobblestone colonies which contain the most immature hematopoietic progenitors were significantly increased (P<0.05) in the sOP9 condition. To understand to which extent secreted factors from either condition contributed to hematopoietic expansion, HSPCs were cultured for two days in the absence of feeder cells but in the presence of different concentrations of 48-hour conditioned media from either uOP9, sOP9 or iOP9 cultures. For the iOP9 condition we tested both a short (5 + 2 days) and a long (17 + 2 days) DMI adipogenesis induction protocol (Figure 7C). Hematopoietic expansion was greatest for HSPCs cultured in the highest concentration of undifferentiated-conditioned medium. HSPCs cultured in conditioned medium from iOP9-adipocytes did not show a significant expansion after two days in culture, independently of the length of the iOP9 DMI induction protocol. However, the conditioned medium from sOP9 cultures was substantially more supportive to HSPC maintenance than iOP9, although less than those cultured in conditioned media from undifferentiated OP9 cells. This effect increased with higher ratios of conditioned-to-basal medium. We therefore conclude that the in vitro hematopoietic progenitor support capacity of sOP9 cultures is superior to that of iOP9 cultures, aligning with the in vivo functionality of regulated versus constitutive BMAds.




Figure 6 | Short-term co-culture of OP9-adipocytes with hematopoietic stem and progenitor cells favours hematopoietic expansion in the spontaneous condition. (A) Total hematopoietic cell expansion of 2000 initial HSPCs after seven days in co-culture (including cells in adherent and cells in suspension) is significantly higher (p < 0.0001) when hematopoietic stem and progenitor cells, HSPCs, (cKit+Lin-Sca1+, KLS) are co-seeded with spontaneous- compared to induced OP9 adipocytes. (B) The colony forming capacity of HSPCs seeded with spontaneous OP9 adipocytes is significantly higher (P < 0.05) than when cultured with induced OP9 adipocytes. (C), Total hematopoietic expansion (in the absence of stroma) after two-day co-culture of 2000 HSPCs in conditioned medium from OP9 cultures comprising increasing ratios of conditioned-to-fresh media. ****P < 0.0001, **P < 0.01, *P < 0.05 by Bonferroni’s multiple comparisons test. Error bars represent mean ± s.d. (n = 3 biological replicates).






Figure 7 | HPLC fatty acid quantification of primary human BM samples confirms a higher unsaturation ratio in constitutive BMAd-rich marrow (femoral head) versus regulated BMAd-rich marrow (ileac crest post-chemotherapy). (A–C) HPLC analysis of lipids isolated from human iliac crest bone marrow aspirates after induction chemotherapy (regulated site, labile marrow) or from the bone marrow of femoral specimens collected upon hip replacement surgery (constitutive site, stable marrow). (A) Higher unsaturation content in stable versus labile marrow oil reveal nuances of individual saturated, mono-, and polyunsaturated lipid species. (B, C) Greater unsaturation ratios in the human marrow from the constitutive site versus the regulated siten. (D) **P < 0.01, *P< 0.05 by student’s t-test. Error bars represent mean ± s.d. (n = 4 experiments from independent donors). Regulated site (iliac crest): 3 females, 1 male (age = 55 ± 12 years). Constitutive site (hip replacement): 3 males, 1 female (age = 68 ± 10 years).





3.5 HPLC fatty acid quantification in primary human samples confirms a higher unsaturation ratio in constitutive BMAd-rich marrow (femoral head) versus regulated BMAd-rich marrow (iliac crest post-chemotherapy)

In order to contextualize and validate the value of the FA unsaturation ratio used throughout this work as a surrogate marker for regulated versus constitutive BMAds, we set to test whether we could find differences in the unsaturation ratio of lipids extracted from one of the most extreme BM remodeling scenarios. Patients suffering from acute leukemias receive intensive aplastic chemotherapy, a regime that eliminates leukemic cells but also virtually all short-term hematopoietic progenitors in the BM, leading to a rapid adipocytic conversion of the marrow. BMAds formed in this context should represent a stereotypical example of rBMAd, and we thus set out to compare the unsaturation ratio of lipids obtained from iliac crest samples from these patients as compared to the lipid fraction obtained from surgical debris of adult patients undergoing elective hip replacement surgery, which is thought to represent a cBMAd-rich site. Analysis of these primary human BM lipid samples reflected a preferential enrichment of MUFAs in the post-chemotherapy iliac crest BM samples (regulated BMAd site) versus the femoral head BM samples (constitutive BMAd site) from hip replacement surgery (39.6% versus 51.2%, p=0.02) to the detriment of PUFAs (18.6% versus 17.0% p=0.80) and SFAs (41.8% and 36.6%, p=0.04) (Figure 7D). While rapid conversion to adipocytic marrow is induced by chemotherapy, and thus iliac crest samples are interpreted as rBMAd-rich, the differences in fatty acid profiles displayed could also be an inherent function of the anatomical site. The largest difference between FA species in the regulated versus constitutive marrow sites was seen in the 18:1 to 18:0 unsaturation ratio (4.40 versus 7.91, p=0.007), and the 16:1 versus 16:0 unsaturation ratio (0.11 versus 0.19, p=0.031) (Figures 7B, C). We thus conclude that human BM samples from a rBMAd-rich site in the context of BM remodeling driven by hematopoietic demand present a lower unsaturation ratio, as measured by 16:1/16:0 -and 18:1/18:0- FA content, than samples obtained from a cBMAd-rich site, which complements previously reported results for rabbit and rats marrow at steady-state (1, 35–37) as summarized in Table 1.

Taken together, we conclude that the spontaneous versus induced OP9 in vitro adipogenesis model presented here replicates key differences in lipid droplet size, FA unsaturation ratio and hematopoietic support respectively associated in vivo to regulated versus constitutive BMAd subtypes. We additionally validate the value of the 16:1/16:0 FA unsaturation ratio as a surrogate marker to segregate rBMAd-rich versus cBMAd-rich tissues both in vivo and for our in vitro model, and the feasibility of Raman microspectroscopy to reveal equivalent differences in the unsaturation ratio at the single adipocyte level.




4 Discussion

BMAds constitute a distinct fat depot with low responsiveness to cold and insulin, overall relative resistance to lipolysis, and high expression of adiponectin as compared to subcutaneous fat depots (39, 66, 67). Two BMAd subtypes have been described based on their differential response to physiological and metabolic stimuli: the more stable so-called constitutive (cBMAd) depots, preferentially located in the distal parts of the skeleton, and the more labile so-called regulated (rBMAd) adipocytes, which are interspersed within the hematopoietic marrow in more proximal skeletal sites. Due to their fragility and location within the bone cavity, access to live BMAd cells for functional and cell trajectory analysis is not trivial, especially for murine BMAd depots where BM adipose tissue volume is very limiting. Although possibly limited on the extrapolation of specific metabolic behaviors (39), in vitro models of adipogenesis from undifferentiated stromal progenitors have been proposed as a complementary tool to study BMAd at the cellular level, so as to facilitate both gene function studies and cell behavior analysis [reviewed in (34, 68)]. To our knowledge, no in vitro model has been described to recapitulate some or all of the differential characteristics of the in vivo defined rBMAd versus cBMAd depots. Here we present a model of BM adipogenesis in the form of a differential in vitro culture system for BM-derived OP9 stromal cells. When classically induced by an adipogenic cocktail (iOP9s) OP9-derived adipocytes resemble cBMAds and, when allowed to spontaneously differentiate by confluency in serum-containing conditions (sOP9s), they resemble rBMAds in lipid droplet size, overall lipid saturation, 16:1/16:0 FA unsaturation ratio and hematopoietic supportive properties. Indeed, we validated the value of the 16:1/16:0 FA unsaturation ratio, already described as a discriminating factor for cBMAd and rBMAd depots in rabbit and rat homeostatic tissues, in both human BM and as a marker of cBMAd-like (iOP9) versus rBMAd-like (sOP9) in vitro cultures. Furthermore, we have extended the reproducibility of the 16:1/16:0 FA unsaturation ratio as a discriminating factor to highly remodeled rBMAd depots in the context of patients undergoing intensive ablative chemotherapy. It is worth noting that the robustness of differences in the 16:1/16:0 FA unsaturation ratio in our model [summarized in Table 1 (1, 69], as opposed to other proposed FA pairs (e.g. 18:1/18:0), is somehow surprising and may be associated to the low mobilization rate for palmitate (16:0) and palmitoleate (16:1) (64, 70). Further studies should mechanistically address the relative contribution of de novo lipogenesis and FA re/uptake in lipid composition differences underlying the 16:1/16:0 FA unsaturation ratio. Indeed, at the RNA level, sOP9 adipocytes had significantly higher expression of Lpl, which mediates fatty acid uptake for storage, while iOP9 adipocytes had increased expression of Atgl, the key enzyme that initiates hydrolysis of TAGs.

After HPLC-based lipid composition analysis of OP9 cultures at the cell population level, and given the relative heterogeneity of in vitro adipogenic cultures (68), we implemented a novel application of Raman microspectroscopy to measure lipid unsaturation heterogeneity at the single cell level, with individual LD resolution and in a label-free manner. This approach allowed us to focus lipid composition analysis exclusively on mature adipocytes and not on the remaining unlipidated stromal component. Previous studies have shown the application of Coherent anti-Stokes Raman microspectroscopy to embryonic stem cells undergoing adipogenic differentiation, showing a measure of chemical lipid saturation composition and an increase in LD accumulation with differentiation (71, 72). While, very interestingly, individual LDs within one adipocyte appear to have an inhomogeneity in their chemical composition, this was not further analyzed. Raman microspectroscopy has allowed for the characterization of LD lipid composition in animal and in vitro models. Lipid droplets have been measured directly in the endothelial layer of murine aortic sections, pointing to smaller LDs induced by TNFalpha preferentially containing more unsaturated lipids whereas larger LDs were more rich in saturated lipids (73). Another Raman-based study showed interesting differences in the pattern of distribution between saturated FA species (palmitic acid -16:0- and stearic acid -18:0), which were evenly distributed in broad areas of the cell, and unsaturated FA species (oleic acid -18:1- and linoleic acid -18:2-), which were concentrated in LDs, after exposure and uptake in macrophages (74). The effect of the high fat diet was evaluated on the lipidic composition of perivascular adipocytes in a mouse model. The size of the LDs was increased as an adaptive response to the excessive lipid income. In an in-vitro study, the effect of TNF-α on endothelial HMEC-1 cells during 24h was monitored by Raman microspectroscopy. The composition and the distribution of cellular lipids was modified upon exposure to TNF-α, and the increase in LD size was concomitant with the formation LDs composed of unsaturated rich lipids (75, 76). However, none of these studies provide supporting statistical analysis for an univocal association between LDs size and molecular composition. In all, we found Raman microspectroscopy to be robust for the measurement of the unsaturation ratio at the lipid droplet level. Congruently to the HPLC-derived data, we could thus confirm at the single adipocyte level the higher unsaturation ratio of iOP9 lipids as compared to the sOP9 condition. It is worth noting that the overall differences in unsaturation ratio were more pronounced when measured with HPLC analysis (1.02 ± 0.27 for iOP9-cultures versus 0.19 ± 0.11 sOP9-cultures, p=0.0004, Figure 2E), than with Raman (0.17 ± 0.05 for iOP9-cultures versus 0.14 ± 0.05 sOP9-cultures, p=0.014, Figure 5F). This difference could be related to the sample bias, as HPLC analysis was done in lipid extracts from the bulk culture while Raman microspectroscopy acquired spectra from mature adipocytes only, or to the method itself. For the HPLC analysis, the unsaturation ratio is calculated from the contribution of isolated and purified lipids. On the other hand, Raman analysis is done inside the LD where lipids are mixed. The unsaturation ratio is calculated from the contribution of the mixture of lipids which hamper the signal. Indeed, the small differences we report in the unsaturation ratio are in the range of previous Raman studies cited above, although differences are more pronounced if only the more defined fractions are considered (unsaturation-rich versus saturated-rich, Figure S5).

Diseases of lipodystrophy may provide insights into the formation of BMAds and the selective accumulation of FAs that we are struggling to understand (1, 77). Congenital generalized lipodystrophy (CGL) is a family of diseases that include a complete or partial loss of adipose depots, which reveal important insights into the consequences of genetic deficiencies involved in adipocytic maturation and function [reviewed in (77)] and may point us in the direction of the underlying nature of BMAd formation. One of the best understood CGL mouse models within the context of BMAd research are the caveolae associated protein 1 deficient mice (Cav1, also known as Ptrf-/-), which contain BMAT only in the tail vertebrae and very distal tibia with a loss of BMAds at the tibia-fibula junction and proximal thereof (1, 78–80), thus indicating a rBMAd-specific loss. This is accompanied by a small increase in cortical bone mineral content in adult male mice and a large increase in trabecular number and cortical bone mineral content in females (1). The differential effect on BMAT upon Cavin1/Ptrf loss of function, points toward a differential regulation of LD formation in regulated versus constitutive BMAds. Alternatively, differences in unsaturated lipid ratios could be involved in the specific sensitivity of BMAds to such a mutation. More recently, diphtheria-toxin mediated ablation of Adipoq-Cre expressing cells also revealed differences in BMAd plasticity throughout the long bones in “fat-free” mice. In particular BMAds were increasingly present in the mid-diaphysis with age (81, 82). Furthermore, specific depletion of BMAds through a double conditional Osterix and Adipoq-dependent strategy caused severe reduction in rBMAds with a milder reduction in the cBMAd mass, while ATGL (Pnpla2 gene) loss in BMAd through the same strategy caused massive rBMAd expansion in the mid diaphysis (83, 84). To what extent these discrepancies are due to divergent transcriptional programs or part of a stabilization of the adipocytic differentiation program remains to be determined. Moreover, seipin-deficient lymphoblastoid cell-lines derived from patients suffering congenital generalized lipodystrophy type 2 were shown to have an increased proportion of SFAs with a decrease in MUFAs, which are the principle products of Scd1, indicating decreased Scd1 activity. LD number and size were increased compared to control (85). Impaired Δ9-desaturase activity in nematodes also led to decreased TAG accumulation and LD size that could not be rescued completely by supplemented dietary oleate (86). Therefore, it appears that LD size is at least partially driven by the ability of Scd1 to synthesize unsaturated FAs. Although our results did not show a strong correlation of LD size with lipid unsaturation, we did observe that the largest LDs were always predominantly unsaturated. Taken together, this points to tissue-specific regulation of lipid composition independently of nutrient and metabolite availability, and possibly to sequential stages of LD (and adipocyte) maturation in the sOP9 versus the iOP9 conditions. Overall, it is tempting to suggest a continuum with smaller LD being mostly saturated, an intermediate stage of LD maturation that are of largely mixed composition, and the most mature LDs that are large and unsaturated. Follow-up studies should address this hypothesis through Raman microspectroscopy in the context of inhibition versus activation of lipolysis and reuptake with relation to lipid droplet and adipocyte size. Extrapolation to the in vivo scenario should be done with caution, as the primary mechanism of lipid remodeling in primary human BMAd has been shown to be independent of ATGL-mediated lipolysis (39).

Finally, we found that sOP9-adipocytes are more supportive to hematopoiesis than iOP9-adipocytes, as seen by their capacity to form hematopoietic colonies and to support hematopoietic expansion. This agrees with reports of adiponectin expressing BM pre/adipocytes -including so-called Adipo-CAR cells- being necessary for hematopoietic expansion (13, 87, 88), whereas mature BMAds rather inducing HSCs quiescence or reduced proliferation (8, 9, 12, 89). Of note, depletion of recently described marrow adipocyte lineage precursors (MALPs) did not affect hematopoiesis, at least in homeostasis (90). The reduced proliferation of hematopoietic progenitors in iOP9 adipocytic cocultures was replicated in a dose-dependent manner through condition media experiments (Figure 6C), pointing to availability of soluble factors as one of the implicated mechanisms. Indeed, previous data revealed a higher expression of the hematopoietic supportive factors C-X-C Motif Chemokine Ligand 12 (Cxcl12) and c-Kit Ligand (KitL) in undifferentiated OP9 cultures versus OP9-derived adipocytes analogous to iOP9s (44), and the regulation of BM stromal cell differentiation precisely via Cxcl12 (91). Note however that the undifferentiated OP9 condition was shown even more supportive of hematopoietic proliferation than sOP9s (Figure 6). In congruence with previous in vivo data (12), this observation in the OP9 system suggests that hematopoiesis is favored when mature marrow adipocytes are absent. We therefore suggest an optimum of maturation along the adipocytic differentiation axis with regard to hematopoietic support, in particular through at least limited expression of Angpt1, SCF, and Cxcl12 that are attenuated in terminally differentiated adipocytes (92). Taken together, our results indicate that, at the population level, sOP9 adipocytic cultures share similarities in terms of hematopoietic support with the labile rBMAds of the red marrow, while iOP9 adipocytic cultures impair rapid hematopoietic progenitor proliferation as described for the stable cBMAds of the yellow marrow.

The mechanisms for differential hematopoietic support in vivo are still poorly understood, but extrapolation from the collective findings of the field suggests that cBMAd-dense regions of the distal skeleton maintain HSCs, while rBMAd-containing red marrow would contribute to expansion of their progenitors, possibly through increased FA transfer (83). Most HSCs have low mitochondrial potential and rely mainly on anaerobic glycolysis, while downstream progenitors rely on high energy production through mitochondrial oxidative phosphorylation (93–95). Previous studies have also revealed that HSCs and leukemic cells can rely on PPAR-mediated FA oxidation (96), with activation of oxidative metabolism being a predictive factor for leukemic stem cell behavior (97). Indeed, we have shown that BM stromal cells with lower overall lipid content (sOP9 cultures) associate to increased hematopoietic expansion capacity compared with more mature BMAds that are high in lipid content (iOP9 cultures). Specific differences in FA of BMAds may contribute to the nuances of differential hematopoietic support. For example, palmitic acid was shown to have a lipotoxic effect on hematopoietic-supportive osteoblasts, and high levels are present in aged and osteoporotic bone associated with decreased hematopoiesis (98, 99). This may in part explain the overt myeloproliferation that is seen on the aged skeleton. Of note, in the current study, the stromal OP9 cell line was selected for its adipocytic differentiation potential. The inherent M-CSF deficiency may influence outcomes with regard to the hematopoietic supportive function. Previous studies have shown lymphoid and myeloid support of bone marrow adipocytes, although the extent of hematopoietic support as a function of the extent of adipocytic differentiation has not been addressed. In future studies, a comparison to marrow stromal cell lines without cytokine expression defects is warranted to provide a more representative understanding of the marrow hematopoietic and adipocytic lineages.

Future studies to understand the functional metabolic differences of rBMAd-like sOP9 versus cBMAd-like iOP9 adipocytes should focus on in vitro lipase- and desaturase- inhibition, complemented by the study of their role in BMAd-deficient animal models (such as the Atgl-KO or Scd1-KO) to better understand the role of rBMAd vs cBMAd FA mobilization on hematopoiesis. Altogether, our results open avenues for future work on the OP9-adipocyte system to understand the mechanisms underlying BMAd heterogeneity and its impact on both hematopoiesis and bone health.
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0.205
0.423
0.545
0.232
0.654
0.130
0.585
0.306
0.784
0.115
0.387
0.473
0.213
0.999
0.054
0.404
0.461
0.055
0.739
0.008
0.512
0.003
0.246
0.765
0.662
0.597
0.841
0.521
0.886
0.248
0.205
0.854
0.655
0.021
0.263
0.316
0.485
0.282
0.620
0.135
0.312
0.367
0.591
0.698
0.947
0.142
0.465
0.246
0.671
0.339
0.798
0.552
0.870
0.907
0.826
0.214
0.038
0.627
0.255
0.208
0.320
0.389
0.715
0.481
0.476
0.023
0.581
0.044
0.473
0.282
0.747
0.711
0.425
0.263
0.337
0.694
0.649
0.483
0.185

Pair-fed versus Ad libitum
Fold Change

1.8
1.0
-1.3
-1.0
-1.4
-1.5
1.2
14
13
2.0
13
1.0
-1.2
13
1.7
-11
1.0
-1.5
13
-11
19
-11
-1.3
-1.3
-1.5
11
24
-1.4
-11
13
13
11
2.2
1.9
11
1.6
1.2
14
-1.2
1.2
1.0
15
1.2
15
15
11
14
1.2
-1.0
13
13
-2.6
11
12
1.2
11
11
14
15
14
13
11
15
16
-11
11
2.2
11
-1.0
-1.0
1.6
17
13
1.0
11
1.0
-1.0
-1.0
1.2
-1.0
-1.2
14
1.8
1.2

p-value

0.071
0.937
0.470
0.713
0.960
0.289
0.263
0.314
0.305
0.265
0.222
0.804
0.905
0.490
0.112
0.769
0.958
0.288
0.405
0.531
0.346
0.652
0.338
0.767
0.018
0.906
0.019
0.215
0.722
0.492
0.538
0.559
0.053
0.341
0.480
0.093
0.327
0.125
0.220
0.216
0.995
0.143
0.839
0.463
0.172
0.422
0.649
0.342
0.835
0.355
0.171
0.654
0.616
0.248
0.666
0.562
0.815
0.542
0.428
0.159
0.514
0.736
0.234
0.037
0.724
0.937
0.336
0.641
0.882
0.985
0.064
0.155
0.501
0.623
0.697
0.854
0.956
0.861
0.545
0.565
0.461
0.531
0.060
0.561

Leptin versus Pair-fed

Fold Change
1.5
1.7
1.3
-11
1.5
1.2
-14
-1.8
-1.5
-2.4
-1.7
-1.3
1.3
-1.4
-11
1.4
-11
2.6
-1.1
-1.2
-21
-1.5
-1.3
1.3
-1.2
1.2
1.6
1.2
13
-1.4
-14
-11
-2.2
-1.8
-1.3
-1.3
-1.2
-1.5
-14
-1.0
-1.3
-1.5
-1.4
-1.7
1.0
-1.3
1.1
-1.2
1.1
-1.2
-1.5
2.2
1.2
-1.3
-1.5
-1.0
1.2
-1.2
-1.3
-1.4
1.3
1.5
-1.2
-1.3
-1.6
-1.7
-1.7
1.1
-11
-1.1
1.1
-2.1
1.6
-11
-1.2
1.1
1.1
-1.1
-1.8
-1.6
1.4
-2.0
-1.9
-1.7

p-value
0.174
0.051
0.549
0.324
0.670
0.857
0.119
0.228
0.144
0.249
0.035
0.695
0.324
0.321
0.527
0.353
0.420
0.018
0.311
0.106
0.217
0.640
0.286
0.915
0.240
0.561
0.076
0.732
0.420
0.274
0.172
0.461
0.035
0.345
0.337
0.202
0.286
0.070
0.039
0.855
0.273
0.041
0.077
0.221
0.574
0.166
0.650
0.196
0.532
0.289
0.044
0.515
0.563
0.183
0.114
0.681
0.321
0.415
0.323
0.107
0.704
0.082
0.420
0.108
0.301
0.397
0.344
0.886
0.398
0.595
0.675
0.102
0.060
0.323
0.204
0.615
0.677
0.403
0.079
0.583
0.323
0.270
0.022
0.065
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Symbol

Acacb
Adig
Adipoq
Adrb2
Agt
Angpt2
Axin1
Bmp2
Bmp4
Bmp7
Ccnd1
Cdk4
Cdkn1a
Cdkn1b
Cebpa
Cebpb
Cebpd
Cfd
Creb1
Ddit3
Dio2
Dkk1
DIk 1
E2f1
Egr2
Fabp4
Fasn
Fgf1
Fgf10
Fgf2
Foxc2
Foxo1
Gata2
Gata3
Hes1
Insr
Irs1
Irs2
Jun
KIf156
Kif2
KIf3
Kif4
Lep
Lipe
Lmna
Lpl
Lmpb
Mapk 14
Ncoa2
Ncor2
Nrob2
Nr1th3
Nrf1
Ppara
Ppard
Pparg
Ppargcia
Ppargc1b
Prdm16
Rb1
Retn
Runx1t1
Rxra
Sfrp1
Sfrp5
Shh
Sirt1
Sirt2
Sirt3
Sic2a4
Src
Srebf1
Taz
Tcf712
Tsc22d3
Twist1
Ucp1
Var
wnt1
Wnt10b
Whnt3a
Whnt5a
Wnt5b

Leptin versus Ad libitum

Fold Change
1.1
-1.1
-1.2
-1.0
-1.3
1.2
1.0
-1.1
-1.1
-1.2
-1.1
-1.1
-1.1
1.1
1.2
1.1
1.3
-1.1
-1.0
-1.0
-1.1
-1.6
-1.3
1.0
-1.4
-1.0
1.0
-1.2
1.4
-1.1
-1.1
1.0
-1.1
-1.2
-1.1
1.2
-1.1
1.1
-1.0
1.1
1.2
1.1
-1.0
-1.5
1.1
-1.0
-1.3
-1.1
1.0
1.1
1.1
24
-1.1
1.1
-1.2
-1.1
-1.2
1.0
-1.1
-1.1
1.1
-1.2
-1.0
-1.1
-1.0
-1.3
-1.3
1.1
-1.0
-1.0
1.0
-1.2
-1.2
1.1
-1.1
1.1
-1.2
-1.5
-1.1
1.5
-1.2
-2.0
-1.2
-1.3

p-value
0.734
0.867
0.196
0.831
0.034
0.044
0.936
0.281
0.340
0.111
0.163
0.517
0.326
0.494
0.054
0.107
0.029
0.533
0.631
0.535
0.664
0.001
0.283
0.989
0.052
0.661
0.962
0.117
0.014
0.532
0.492
0.662
0.530
0.132
0.221
0.040
0.489
0.209
0.890
0.627
0.034
0.208
0.689
0.093
0.547
0.622
0.081
0.042
0.750
0.192
0.318
0.004
0.396
0.509
0.626
0.314
0.027
0.799
0.226
0.461
0.500
0.290
0.724
0.230
0.853
0.098
0.183
0.331
0.567
0.749
0.926
0.088
0.080
0.305
0.434
0.621
0.161
0.045
0.400
0.033
0.225
0.031
0.155
0.007

Pair-fed versus Ad libitum

Fold Change
11
11
-11
-11
-1.3
1.2
-11
-1.2
-1.2
-14
-1.2
-11
-1.7
-1.2
1.2
-1.0
11
1.0
-11
-11
-1.4
-1.9
-1.5
5
-1.0
1.2
-1.0
-1.2
1.2
-1.3
-1.2
-1.3
-11
11
-14
-11
-1.3
11
-14
-11
-11
-1.0
-1.2
11
11
-1.1
-14
-1.3
-1.0
-11
-1.0
5.0
-11
1.0
-1.0
-1.2
-1.1
1.0
-1.2
11
11
1.6
-1.1
-1.0
-1.2
-1.5
1.0
11
-1.2
-1.0
1.2
-1.1
-1.2
1.0
-1.1
-1.1
-1.7
1.0
-1.6
-14
-1.5
-1.2
-1.6
-1.7

p-value
0.917
0.389
0.389
0.239
0.022
0.083
0.475
0.037
0.059
0.005
0.004
0.365
0.000
0.039
0.074
0.660
0.352
0.986
0.166
0.199
0.001
0.000
0.006
0.027
0.994
0.037
0.702
0.168
0.270
0.014
0.087
0.015
0.266
0.629
0.001
0.500
0.003
0.481
0.000
0.478
0.669
0.545
0.007
0.584
0.484
0.264
0.006
0.004
0.515
0.319
0.866
0.009
0.169
0.608
0.814
0.047
0.007
0.796
0.086
0.196
0.560
0.100
0.211
0.736
0.032
0.004
0.866
0.227
0.005
0.600
0.342
0.217
0.043
0.797
0.400
0.292
0.003
0.894
0.006
0.033
0.001
0.571
0.000
0.000

Leptin versus Pair-fed

Fold Change
11
-1.2
-1.1
1.1
-1.0
1.0
11
1.0
1.0
11
1.0
-1.0
1.3
1.2
1.1
1.2
1.2
-11
11
1.0
13
1.0
11
-1.3
-1.4
-1.3
11
-1.1
-1.6
1.2
1.1
1.2
1.1
-1.2
1.2
1.3
1.2
1.1
13
% |
13
1.1
1.2
-1.6
1.0
1.0
1.0
1.1
1.1
1.2
1.2
-1.5
-1.0
1.0
-1.2
11
-11
1.0
1.0
-1.1
1.0
-1.8
11
-1.1
1.2
1.0
-1.4
1.0
11
-1.0
-11
-11
-1.0
11
-11
1.1
1.3
-1.5
13
-1.2
1.1
-1.8
1.2
1.2

p-value
0.455
0.378
0.665
0.217
0.787
0.679
0.365
0.900
0.675
0.562
0.704
0.846
0.100
0.001
0.305
0.006
0.020
0.461
0.540
0.986
0.016
0.782
0.431
0.037
0.091
0.019
0.537
0.351
0.006
0.131
0.524
0.048
0.518
0.087
0.162
0.000
0.135
0.302
0.010
0.289
0.006
0.059
0.026
0.023
0.628
0.862
0.915
0.276
0.120
0.004
0.060
0.162
0.984
0.759
0.559
0.035
0.238
0.909
0.622
0.209
0.783
0.057
0.377
0.270
0.062
0.792
0.144
0.987
0.048
0.971
0.702
0.327
0.894
0.242
0.517
0.298
0.254
0.049
0.190
0.405
0.514
0.084
0.208
0.342
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\1' Tamoxifen 0.5 mg

, Chow rosiglitazone (0.14 mg/g) or Vehicle for 8 weeks

/éf Scl-Ab (50 mg/kg) or vehicle, twice a week for 4 weeks
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A, D-F: Dmp1-CreERt2(+):mTmG (4-OHTam+)
B: Dmp1-CreERt2(-):mTmG (4-OHTam+)
C: Dmp1-CreERt2(+):mTmG (4-OHTam-)
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Main steps EDIN TOUL LiLL LAUS PRAG

Material
Bone site of sampling  Femoral proximal Femoral proximal Trabecular bone from distal ~ Femoral head (epiphysis + liac crest
metaphysis and metaphysis and femoral epiphysis variable quantity of metaphysis)
diaphysis diaphysis lliac crest
Femoral head
Sample type BM aspirates BM aspirates Cancellous bone BM aspirates BM aspirates
Final material obtained BMAds BMAds BMAds BMSCs and BMAd-enriched BMSCs and BMAd-
fraction enriched fraction
Digestion
Buffer KRH, 5.5 mM glucose PBS DMEM, 5.5 mM glucose DMEM, 10% FBS =
3% BSA 2% BSA 3% BSA
Collagenase type, Type 1, Worthington from C. histolyticum, NB 4 standard grade, SERVA Type |, Gibco (#17100-017) -
manufacturer Biochemicals (LS004196) Sigma Aldrich (C6885)  Electrophoresis (17454)
(reference number)
Collagenase 250 Ul/mL 0.2t0 0.3 U/mL 1 Ul/ml -
concentration
Digestion time 45min Max. 20 min 15-30 min 45 min -1h -
Washing
Buffer KRBH 5.5 mM glucose KRBH DMEM, 5.5 mM glucose/ PBS/1% BSA PBS/1% BSA
0.5% BSA 3% BSA

Different protocols have been set up to isolate BMAds (from 3 institutes: EDIN, TOUL, LILL) or BMSCs (from 2 institutes: LAUS, PRAG). Differences related to biological material, digestion
and washing parameters are highlighted.
Abbrevations referring to institute cities of members within BMAS Biobanking WG. EDIN: Edinburgh (WC); TOUL: Toulouse (CA); LILL: Lille (SL), LAUS: Lausanne (ON); PRAG: Prague (MT).
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Buffer name

MgCl,; 6H20

MgSO,

KCI

NaCl

Na,HPO, (anhydrous)
NaH2PO, (anhydrous)
KH,PO,

CaCl,; 2H,0
D-Glucose

NaHCO3

HEPES

Bovine Serum Albumin

(BSA)

EDIN
KRH

N/A
0,6

120
N/A
N/A
1
1
55
N/A
81,6
1%

TOUL
KRBH

0,5
N/A
4,6
120
0,7
15
N/A
N/A
10
150
10
0.5%

LiLL
DMEM

N/A
08
5.4
110
N/A

N/A
18
5.5
44
N/A
N/A

LAUS PRAG
PBS 1X + EDTA 1 MEM
mM
N/A N/A
N/A 08
2.7 5.3
137 117.24
10 N/A
N/A 1
1.8 N/A
N/A 18
N/A 5.5
N/A 26.2
N/A N/A
0 N/A

Five different buffers have been used for sample transportation: Krebs Ringer Bicarbonate HEPES buffer (KRBH), Krebs Ringer HEPES (KRH) and Dulbecco’s Modified Eagle’s Medium

(DMEM, Dutscher, L0064). The concentrations of the different components are indicated in mM, except for BSA.

Abbreviations referring to institute cities of members within BMAS Biobanking WG. EDIN, Edinburgh (WC); TOUL, Toulouse (CA); LILL, Lille (SL); LAUS, Lausanne (ON); PRAG, Prague (MT).
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Storage of the BMSCs BMAds
samples

Cell One million cells in freezing media (per vial: 80% FBS, 10% DMSO, Impossible to keep viable frozen BMAds. Frozen isolated BMAds can be

cryopreservation 10% MEM or 50% MEM, 40% FBS, 10% DMSO) in liquid nitrogen).  snap-frozen in liquid nitrogen and stored at least at-80°C for further
analyses.

RNA In Trizol (or similar) at -80°C In Trizol (or similar) at -80°C

Protein In protein lysis buffer at -80°C In protein lysis buffer at -80°C

Lipids Flash freezing in liquid nitrogen within 4 hours after surgery. Store at -80°C  Flash freezing in liquid nitrogen within 4 hours after surgery. Store at -80°C
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Abbreviation

ACTb
AdipoQ
Angptl
ANOVA
ATGL
Ap2

BM
BMAd
BMAT
BMSC
CA
CAR cell
cBMAd
cDNA
CEBPa
CFU
CGL
cKit
CXCL12
DMI
DNA
DNL
EDTA

Definition

Actin beta

Adiponectin

Angiopoietin 1

Analysis of variance

Adipose triglyceride lipase

Activating protein 2

Bone marrow

Bone marrow adipocyte

Bone marrow adipose tissue

Bone marrow stromal cell

Cluster of analysis

CXCLI12 abundant reticular cell
Constitutive bone marrow adipocyte
Complementary deoxyribonucleic acid
CCAAT Enhancer Binding Protein Alpha
Colony-forming unit

Congenital generalized lipodystrophy

Kit proto-oncogene, receptor tyrosine kinase
C-X-C motif chemokine ligand receptor 12
Cocktail for Dexamethasone, IBMX and insulin
Deoxyribonucleic acid

De novo lipogenesis
Ethylenediaminetetraacetic acid
Enhanced green fluorescent protein
Endoplasmic reticulum

Fatty acid

Fatty acid binding protein 4
Fluorescence-activated cell sorting

Fatty acid desaturase

Fetal bovine serum

Housekeeping genes

proton magnetic resonance spectroscopy
High performance liquid chromatography
Hematopoietic stem cell

Hormone sensitive lipoase

Hematopoietic stem and progenitor cell
isobutylmethylxanthin

Iscove’s Modified Dulbecco’s Medium
induced OP9 cell

cKit ligand

cKit"LineageScal*

Lipid droplet

lipoprotein lipase

Messenger ribonucleic acid

Magnetic resonance imaging
Monounsaturated fatty acid

Macrophage colony-stimulating factor
Minimum Essential Medium alpha

Oil red O

Principle component

Principle component analysis

Polymerase chain reaction
Paraformaldehyde

Propidium iodide

Perilipin

Peroxisome proliferator-activated receptor gamma
Polymerase I and transcript-release factor
Penicillin/Streptomycin

Polyunsaturated fatty acid

Regulated bone marrow adipocyte
Ribonucleic acid

Reactive oxygen species

Real-time quantitative polymerase chain reaction
Stem cell antigen 1

Stearyl-CoenzymeA desaturase

Stem cell factor

Standard deviation

Saturated fatty acid

spontaneous OP9 cell

Short tandem repeats

Triacylglycerols

Undifferentiated OP9 cell





OPS/images/fendo.2021.744527/fendo-12-744527-g006.jpg
fluorophore intensity

NTSE THY1 ENG
cDa4 co73 cp9o CD105.
MCAM PDGFRb PTPRC
cD146. CD140b cD4s cp14






OPS/images/fendo.2022.1001210/table3.jpg
Abbreviation

14:1

16:0
16:1n-7
16:1n-10
18:0
18:1n-9
18:2n-6
20:4n-6

Definition

Myristoleic acid
Palmitic acid
Palmitoleic acid
Sapienic acid
Stearic acid
Oleic acid
Linoleic acid

Arachidonic acid

Formula

C14H60,
Ci6H3,0,
C16H300,
Ci16H300,
C15H360,
C1sH3,0,
Ci5H3,0,
CaoH3,0,

IUPAC Name

(Z)-tetradec-9-enoic acid

hexadecanoic acid

(Z)-hexadec-9-enoic acid

(Z)-hexadec-6-enoic acid

octadecanoic acid

(Z)-octadec-9-enoic acid
(9Z,12Z)-octadeca-9,12-dienoic acid
(5Z,8Z,11Z,147Z)-icosa-5,8,11,14-tetraenoic acid
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ltem Patient information form (PIF)
(presented to the participant before donation)

a. Information 1. What is the purpose of the study?
about the planned - Background information and simple description of the study
study (broad or specific to BMA research)
- Clear description of goals and expected results will help to increase
the participation rates
- Study is approved by Research Ethics Committee/Institutional Review
Board
2. What sample material will be collected?
- BM sample (tissues/cells)
- Reference samples (eg. subcutaneous fat, blood)
3. How it will be collected?
- Sampling procedure (surgery/biopsy/aspirate)
- Risks and disadvantages related to BM sampling
4. What the sample will be used for?
- Broad purpose (unspecified projects) or BMA-specific purpose
- General risks related to the sample donation and storage
(eg. storage of genetic information)

b. Sample and
data storage

5. Who can access the biological samples and the data obtained?

- Only approved research studies (with ethical approval) may have
access to the samples

- Tissue/cells that is left over from this study will be stored for future
research to learn more about BMA

c. Anonymization 6. What procedures will be used to protect the privacy and

confidentiality of the data?

- Explain what personal data is collected and how the data is
anonymized

- Sample material (and the data resulting from these samples) cannot

be traced back to any of the person-related data

d. Withdrawal 7. How to withdraw from the study?

- Participation is always voluntary

- Provide contact information for withdrawal from the study (email,
phone number, website)

- Explain how the samples and associated data will be destroyed
after withdrawal: new data cannot be obtained and that existing
data will be maintained in a non-identifiable form

Informed consent form (signed by the participant, after
considering the information in PIF)

Donor has had enough time to familiarize him/herself to the

information provided in the PIF

Donor has had a possibility to ask questions after considering

the information in the PIF

Donor understands the risks and benefits of participation

Risks

- General risks of sample donation

- BMA-specific risks (e.g. risks related to the BM sampling
procedure), blood sampling, or surgery.

Benefits

- No direct health benefits or financial benefits

- Indirect benefits via promoting BMA-related research (and
e.g. development of novel therapies in the future)

Donor provides information about his/her clinical condition

- Current diseases and treatments

- Past diseases and treatments

- Age, metabolic status and lifestyle habits (according to the
study)

Donor allows the use of 1) biological samples and

2) the data resulting from the research using these samples.

- The permission to store unused samples for possible future
research should be separately requested.

Donor understands 1) what data is collected and

2) how the data will be secured (Data Privacy Statement).

Donor understands he/she will not have later access to his/her
own data as all data is deidentified.

Sample is donated to biobank voluntarily.

Donor can withdraw from the study later at any time and

without any reason.

- Explain how the withdrawal should be signaled to the
researchers (eg. email, letter, phone call)
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Origin BMAd type 16:1/16:0 c/r 18:1/18:0 c/r Reference

Rat constitutive regulated 0.25 2.8 1.18 15 Scheller et al., 2015
0.09 0.81

Rabbit constitutive regulated 0.53 33 7.52 2.8 Tavassoli et al,, 1977
0.16 2.68

Human constitutive regulated 0.19 17 791 18 original data
0.11 4.40

OP9 cells induced spontaneous 0.84 1.6 4.74 2.0 original data
0.24 233

The 16:1/16:0 and 18:1/18:0 unsaturation ratios were calculated from the proportion of total fatty acids. Rat BM data from Scheller et al., 2015 Supplementary Data 1 (regulated: femur and
proximal tibia, constitutive: distal tibia). Rabbit BM data from Tavassoli 1977 Table 1 (regulated: vertebrae, constitutive: os calcis). Human original data from Figure 7 (regulated: iliac crest
post-chemotherapy, constitutive: femoral head) and OP9 cell original data from Figure 6 (regulated: spontaneous, constitutive: induced) from HPLC analysis. Additional measurements in
human BM have been made by MRI spectroscopy but cannot be compiled with these data due to the different methodology (37, 38). ¢, constitutive; r, regulated.
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cDNA GenBank Forward and reverse primers Ta (°C) Product (pb)

RNAPol2 NM_000937 F: 5'-CCAAGCAGGACGTAATAGAGG-3' 55 193
R: 5'-GCGGTCTAGCAACTCGTTCT-3

PPIA NM_021130 F: 5-ACCGTGTTCTTCGACATTGC-3' 55 274
R: 5-CAGGACCCGTATGCTTTAGGA-3'

PPARY2 NM_015869 F: 5’-CAAACCCCTATTCCATGCTGTT-3" 53 135
R: 5’-AATGGCATCTCTGTGTCAACC-3"

C/EBPa NM_004364 F: 5’-ACTGGGACCCTCAGCCTTG-3’ 55 75
R: 5'-TGGACTGATCGTGCTTCGTG-3'

IL6 NM_000600 F: 5'-CAATGAGGAGACTTGCCTGG-3’ 53 13
R: 5'-GCACAGCTCTGGCTTGTTCC-3'

PLIN 1 NM_002666 F: 5'-GAGACACTGCGGAATTTGC-3' 58,2 222
R: 5’-ATCGAGAGAGGGTGTTGGTC-3

Ywhaz NM_145690 F: 5'-GGTCATCTTGGAGGGTCGTC-3" 55 245
R: 5'-GTCATCACCAGCGGCAAC-3’

Runx2 AF001450 F: 5'-GCTGTTATGAAAAACCAAGT-3' 60 108
R: 5’-GGGAGGATTTGTGAAGAC-3'

oC NM_199173 F: 5'-ATGAGAGCCCTCACACTCCTC-3' 55 293
R: 5’-GCCGTAGAAGCGCCGATAGGC-3'

Dix5 BC006226 F: 5'-CCAGAGAAAGAAGTGACCGA-3' 55 190

R: 5-CCTGTGTTTGTGTCAATCCC-3'

The primer sequences, annealing temperatures (Ta), lengths of the corresponding PCR products and GenBank accession numbers are shown. F, Forward; R, Reverse. IL6, Interleukin 6;
PLIN 1, Perilipin 1; C/EBPe, CCAAT/enhancer-binding protein alpha; PPARY2, Peroxisome proliferator-activated receptor gamma 2; PPIA, peptidylpropyl isomerase; Runx2, Runt-related

transcription factor 2; Ywhaz, Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein; OC, Osteocalcin; DIx5, Distal-less homeobox 5.
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Study

The Effect of Roux-en-Y Gastric
Bypass on Bone Marrow Adipose
Tissue and Bone Mineral Density in
Postmenopausal, Nondiabetic Women

Short-Term Effect of Estrogen on
Human Bone Marrow Fat.

Effects of estrogen therapy on bone
marrow adipocytes in postmenopausal
osteoporotic women

Association of vertebral bone marrow
fat a with trabecular BMD and
vertebral fracture in older adults

Correlation of vertebral bone marrow
fat content with abdominal adipose
tissue, lumbar spine, bone mineral
density, and blood biomarkers in
women with type 2 diabetes mellitus

Bone Marrow Adiposity and
prediction ofBone Loss in Older
Women

Changes in BMA during aging in
males and females

Effects of risedronate on bone marrow
adipocytes in postmenopausal women

Analysis of vertebral bone mineral
density, marrow perfusion, and fat
content in healthy men and men with
osteoporosis using dynamic contrast-
enhanced MR imaging and MR
spectroscopy

Effect of estrogens on bone marrow
adipogenesis and Sirtl in aging
C57BL/6] mice

Analysis of bone marrow fat content
in relation to bone remodeling and
serum chemistry in intact and
ovariectomized dogs

Design

14 postmenopausal, nondiabetic obese
women were scheduled for laparoscopic
Roux-en-Y gastric bypass surgery (RYGB).

Measured vertebral bone marrow fat fraction
every week for 6 consecutive weeks in 6
postmenopausal women before, during, and
after 2 weeks of oral 17-B estradiol treatment
(2 mg/day).

bone biopsies from a randomized, placebo-
controlled trial involving 56 postmenopausal
osteoporotic women (mean age, 64 years)
treated either with placebo (PL, n = 27) or
transdermal estradiol (0.1 mg/d, n = 29) for 1
year.

257 participants, mean age was 79 years,

Thirteen postmenopausal women with T2D

women (n = 148) and mean age (80.9 + 4.2)
years

145 females, 114 males; age range (62-90)
years.

Transiliac bone biopsies from a randomized,
placebo-controlled clinical trial in women
with postmenopausal osteoporosis (n=14 per
group)

MR imaging of the lumbar spine in 90 men
(mean age, 73 years; range, 67-101 years)

Young skeletally mature (5 months) and old
(22-24 months) female C57BL/6] mice were
cither gonadally intact, OVX or OVX +E2

Beagle dogs (6 control, 9 ovariectomized)

Outcome

Decrease in BMAT at the level of the L3-L5 vertebrae, 12 months
post-surgery measured by quantitative chemical shift imaging
(QCSI) with magnetic resonance imaging (MRI), as well as
decrease in vertebral volumetric BMD (vBMD).

17-P estradiol rapidly reduced the marrow fat fraction, suggesting
that 17-B estradiol regulates bone marrow fat independent of
bone mass.

AV/TV and BMAd number increased in the PL group but were
unchanged (BMAd) or decreased in the E group. E treatment also
prevented increases in mean adipocyte size over 1 year. Increased
bone loss and bone marrow adipocyte number and size in
postmenopausal osteoporotic women may be due estrogen
deficiency.

Vertebral BMA was associated with lower BMD and vertebral
fractures in older women.

There is a correlation between BMA and subcutaneous adipose
tissue in women with and without T2D and with visceral adipose
in women with T2D.

BMA is associated with higher loss of trabecular bone at the spine
area and femoral neck, and greater loss of spine strength

Marrow fat content increases significantly in female subjects of
age range (55 and 65) years of age while male subjects increase in
marrow fat at a steady rate. Females aged older than 60 years
have a higher marrow fat content than males.

Risedronate reduced age-dependent expansion of BMAT,
compared to placebo.

Increased BMA in osteoporotic patients compared to osteopenic
subjects. Increased BMA in osteopenic subjects compared to
healthy control individuals.

Significant decreasing effect of E2 on BMAT in both young and
old mice.

BMAT was expanded (11 months post ovariectomy) together
with reduced hematopoietic volume fraction, associated with
decrease in estrogen levels.

Reference

(77)

(78)

(79)

81)

(75)

(74)

(82)

(76)

(83)

(84)
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Study Type of

study

Relation between body size and bone Cross-

mineral density in elderly men and sectional

women

Are general obesity and visceral RCT
adiposity in men linked to reduced

bone mineral content resulting from

normal ageing? A population-based

study

Associations between components of RCT
the metabolic syndrome versus bone
mineral density and vertebral fractures

in patients with type 2 diabetes

Is obesity protective for osteoporosis? RCT
Evaluation of bone mineral density in

individuals with high body mass index

Bone mineral density of the spine in RCT
normal Japanese subjects using dual-
energy X-ray absorptiometry: effect of

obesity and menopausal status

Determinants of total body and RCT
regional bone mineral density in
normal postmenopausal women-a key

role for fat mass

Obesity and Postmenopausal Bone Cross-
Loss: The Influence of Obesity on
Vertebral Density and Bone Turnover

in Postmenopausal Women.

sectional

Influence of obesity on bone density  Case-control

in postmenopausal women

Cigarette Smoking, Obesity, and Bone  Case-control

Mass

Plasma Leptin Values in Relation to Case-control
Bone Mass and Density and to

Dynamic Biochemical Markers of

Bone Resorption and Formation in

Postmenopausal Women

Calcium Supplementation Suppresses ~ Randomized-

Bone Turnover During Weight double blind

Reduction in Postmenopausal Women ~ placebo
control

Factors affecting bone mineral density Cross-

in postmenopausal women sectional

Influence of obesity on vertebral RCT

fracture prevalence and vitamin D

status in postmenopausal women

Relationship between body RCT

composition, body mass index and

bone mineral density in a large

population of normal, osteopenic and

osteoporotic women

Evaluation of bone loss in diabetic Cross-

postmenopausal women sectional

Influence of obesity on bone mineral Case-control
density in postmenopausal asthma
patients undergoing treatment with

inhaled corticosteroids

Obesity Is Not Protective against RCT
Fracture in Postmenopausal Women:

GLOW

Participants

1492 ambulatory white adults, 55-84
years

Polish men (272 men, 20-60 years)

187 men (28-83 years) and 125
postmenopausal women (46-82
years) with type 2 diabetes

398 patients (291 women, 107 men,
age 44.1 + 14.2 years, BMI 35.8 + 5.9
kg/m®

N= (1,048 women, age 40-49 and
>50)

Menopause

N= (248 men, age 20-29 and >50)

N= (140 post-menopausal women)
(age= 45-71 years, mean 58years)

N= (176 women aged 45-71 years).
(49 perimenopausal)

(28 obese peri-menopausal)

(49 obese post-menopausal)

Mean age was the same yet there was
significant change in the weight.

N= (588 women)

Age = (41 to 60 years)

Group 1: (1-6 years since
menopause)

Group 2: (6-10 years since
menopause)

N= (84 healthy, peri- and
postmenopausal women) were
studied prospectively over

3.5 years.

N= (54 post-menopausal women)

N= (43 post-menopause women)
Subject to take calcium citrate 1gm/
day (N= 21), subjects to take placebo
(N=22).

N= (537 women)

Age (of 67.9 + 6.7 years and mean
menopause duration (MD) of 15.8 +
5.1 years)

N= (429 post-menopausal women
(mean age, weight and BMI of 59.5 +
8.3 (50 to 83) years, 75.8 + 133 (35
to 165) kgs and 29.9 + 5.2 (14.6 to
50.8) kg/m?)

N= (6,249 Italian women, aged 30—
80 years)

N= (200 diabetic postmenopausal
women with 400 non-diabetic
postmenopausal women)

Age (65.23 + 4.80 non-diabetic vs.
66.91 + 5.78 years in diabetic)

N= (46 patients with asthma taking
inhalations of corticosteroids, age
62.5 + 10.6 and 60 healthy female
controls, age 63.0 + 6.1) all post-
menopaused.

N= (60,393 women aged >55 years)
menopause women.

Main outcome

High BMI was positively related with high BMD. the
mechanical effect of weight increased BMD.

Visceral adiposity (assessed by waist/hip ratio) was
associated with reduced bone mass in men.

Obesity and diabetes were associated with increased
femoral neck bone mineral density. Effects on fracture risk
were site dependant.

Obesity had a negative impact on lumbar BMD than
expected for that age.

Bone mineral density measurements at the lumbar spine
using DEXA-scan revealed that bone loss starts at early
menopause stage and concluded a positive correlation
between obesity and BMD, particularly in postmenopausal
women.

Total body BMD was positively related to fat mass, and
similar relationships were found in other body regions as
in the lumbar spine and proximal femur.

In non-obese post-menopausal women, BMD was lower,
and higher serum osteocalcin (OC) and fasting urinary
calcium to creatinine (Ca : Cr). Obesity may be protective
in post-menopause state.

Positive influence of obesity at increasing BMD at lumbar
spine, femoral neck (FN), and trochanter (TR) between
the groups, yet the role of obesity is demolished by the
impact of estrogen deficiency and aging.

Menopause combined with obesity led to bone loss,
independent of smoking.

Positive correlation of leptin plasma levels with body
weight, fat mass and BMD yet no correlation with
biochemical markers of either osteoclastic or osteoblastic
activity.

Obesity in postmenopausal women tend to increase MD
and that weight loss in postmenopausal women should
consume calcium supplement (1500 mg/day) to prevent a
high rate of bone turnover and loss in BMD.

Obesity may protect again osteoporosis as its associated
with higher BMD also significant positive association
between osteoporosis and menopausal duration.

Obesity was correlated with increased BMD yet vertebral
fractures were related to duration of menopause, low
vitamin D intake and increased osteoporosis.

Obesity was increased with age yet is believed to be
protective against osteoporosis as BMD is increased, yet
obesity did not decrease the risk of osteopenia, with aging
above 50years, the risk of osteopenia and osteoporosis is
increased, respectively.

Diabetes increases the risk of osteopenia and osteoporosis
when comparing postmenopausal diabetic and no-diabetic
women.

Obesity in asthmatic patient is positively correlated with
decreased osteoporosis yet this effect is overcome by aging
and years since menopause.

Obesity is not protective against fracture risk in ankle and
upper leg was significantly higher in obese than in
nonobese women.

Reference

(110)

(111)

(112)

(113)

(114)

(115)

(106)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)
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Patients MON =9 M6N =9 Absolute difference P-value
Body mass index, kg/m? 259 (3.4) 26.1(6.3) +0.2 0.64
Handgrip test, kg 225 (8.9) 27.9 (14.0) +5.4 0.01
IPAQ-SF, MET-min/week 6,203 (8,461) 7,110 (4,111) +907 0.49
Body Fat Percentage, % 3939.4 (8.5) 39.4 (9.0) 0 0.46
Appendicular lean mass, kg 16.6 (4.5) 16.7 (4.9) +0.1 0.50
Visceral Adipose Tissue, cm?2 150 (81) 173 (88) +23 0.18
Lumbar spine BMD, g/cm? 1.011 (0.142) 0.996 (0.146) -0.015 0.058
Femoral neck BMD, g/cm? 0.728 (0.108) 0.713 (0.095) -0.015 0.30
Total hip BMD, g/cm? 0.902 (0.130) 0.891 (0.105) -0.011 0.82
Lumbar spine PDFF (%) 46.3 (7.0) 53.2 (9.2) +6.9 0.008
CTX, pmol/L 3,503 (1,830) 2,712 (2,196) 791 091
Leptine, ng/L 14.9 (19.7) 19.4 (24.9) +4.5 0.30

Data reported as mean (Standard Deviation) unless otherwise indicated. CTX , Cross laps; DAS, Disease Activity Score; IPAQ-SF, Intemational Physical Activity Questionnaire— Short

Form; MET, Metabolic Equivalent of Task; PDFF, Proton Density Fat Fraction. Bold values mean statistically significant.
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Condition Number of lipid Number of adipocytes

droplets = number spectra analysed over 3
over 3 wells wells per condition

10-week
CT 519 41
SBA24% 111 138
SBA18% 299 30
SBA12% 134 10
SBA0% 189 15
Total 1252 109
4-week
cT 45 18
SBA18% 109 25

Total 154 43
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Gene

188
Gapdh
Pparg2
Adipoq
Lep
Piin1
Glut4
Runx2
Bglap
Sp7
Coltat

Sirt1

Primer Sequences

F: ATTCCGATAACGAACGAGAC
R: GCTTATGACCCGCACTTACT
F: GGCATTGCTCTCAATGACAA
R: TGTGAGGGAGATGCTCAGTG
F: TCGCTGATGCACTGCCTATG
R: GAGAGGTCCACAGAGCTGATT
F: TGTTCCTCTTAATCCTGCCCA
R: CCAACCTGCACAAGTTCCCTT
F: GAGACCCCTGTGTCGGTTC
R: CTGCGTGTGTGAAATGTCATTG
F: CACCATCTCTACCCGCCTTC
R: GGGTGTTGGCGGCATATTC

F: ACTCTTGCCACACAGGCTCT
R: AATGGAGACTGATGCGCTCT
F: GCCGGGAATGATGAGAACTA
R: GGACCGTCCACTGTCACTTT
F: AAGCAGGAGGGCAATAAGGT
R: CGTTTGTAGGCGGTCTTCA

F: ATGGCGTCCTCTCTGCTTG

R: TGAAAGGTCAGCGTATGGCTT
F: GGTGAGCCTGGTCAAACGG
R: ACTGTGTCCTTTCACGCCTTT
F: TAGGGAACCTTTGCCTCATC
R: GGCATATTCACCACCTAGCC

Annealing temperature
60°C
62°C
60°C
60°C
60°C
58°C
62°C
62°C
60°C
54°C
60°C

51°C

Product length

297 bp
200 bp
103 bp
104 bp
139 bp
149 bp
174 bp
200 bp
364 bp
237 bp
189 bp

100 bp

GenBank

X03205

NM_008084

NM_011146

NM_009605

NM_008493

NM_001113471.1

NM_009204

NM_001146038.2

L24431

NM_130458

NM_007743

NM_019812.2
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Category Texture Description Included in CT-Based Texture  Included in CSE-MRI-Based Texture

Feature Analysis Analysis
Global Varianceglobal ~ Spread of gray-level distribution X X%
Skewness Shape of gray-level distribution X X
Kurtosis Flatness of gray-level distribution X X
Second-order Energy Uniformity X X
(GLCM) Contrast Local intensity variation X X
Entropy Randomness X X
Homogeneity  Homogeneous scene X X
Correlation Linear spatial relationships between texture b %
elements
SumAverage  Spread of the mean voxel co-occurrence X 5
distribution
Variance Voxel co-occurrence distribution X X
Dissimilarity Heterogeneity X X
Higher-order SRE Short-run emphasis X
(GLRLM) LRE Long-run distribution X
GLN Similarities of gray-levels X
RLN Similarity in length of runs X
RP Distribution and homogeneity of runs with a X
specific direction
LGLRE Distribution of low gray-level values
HGLRE Distribution of high gray-level values X
SRLGLE Joint distribution of short runs and low gray-level X
values
SRHGLE Joint distribution of short runs and high gray-level X
values
LRLGLE Joint distribution of long runs and low gray-level X
values
LRHGLE Joint distribution of long runs and high gray-level X
values
GLV Weighted variances of gray-level values X
RLV Weighted variances of gray-level runs X

Global (histogram-based), gray-level co-occurrence matrix (GLCM)-based, and gray-level run-length matrix (GLRLM)-based texture features and their descriptions. The table provides information
about which texture features were considered for texture analysis based on computed tomography (CT) and chemical shift encoding-based water-fat magnetic resonance imaging (CSE-MR) data.
SRE, short-run emphasis; LRE, long-run emphasis; GLN, gray-level non-uniformity; RLN, run-length non-uniformity; RP, run percentage; LGLRE, low gray-level run emphasis;, HGLRE,
high gray-level run emphasis; SRLGLE, short-run low gray-level emphasis; SRHGLE, short-run high gray-level emphasis; LRLGLE, long-run low gray-level emphasis; LRHGLE, long-run
high gray-level emphasis; GLV, gray-level variance; RLV, run-length variance.
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Presenter

Poster Title

1) BMAT and stem cells

Viktorija Avilkina

Federica Quacquarelli
Drenka Trivanovic
Amélie Paquet
Thomas H. Ambrosi
George Soultoukis
Vagelis Rinotas

How the severity level and duration of energy deficit in mice model affects the bone phenotype, bone marrow adiposity and bone marrow
stromal cells differentiation capacity?

Ex vivo human cellular models to study adipocyte-induced trans differentiation of osteoblasts.

Human bone marrow adipose tissue niche supports mesenchymal progenitors with unique metabolic and stem cell features.

Bone Marrow Adipocytes differentiated in vitro express the mRNA of the human cathelicidin antimicrobial peptide (NCAMP).

Distinct lineage fates of diverse skeletal stem cell types orchestrate long bone physiology.

Physiological And Nutrition-related Effects on Bone Marrow Adipocyte Formation.

Investigating the effects of Denosumab treatment and discontinuation in bone marrow adiposity through analysis of T9/RANKL osteoporotic
mice

2) BMAT, aging and cancer

Laura Trainor

Stefan Ruschke
Michele Dello Spedale
Venti

Charlotte Rinne
Wangjie Liu

Laimar C Garmo
Katelyn Greene

Bone marrow adipocyte phenotype is altered early in progression to multiple myeloma.
Variation of the human vertebral bone marrow water T2 relaxation time assessed by in vivo single-voxel magnetic resonance spectroscopy.
Morphologic and phenotypic changes of human bone marrow adipocytes in marrow metastasis and chronic myeloid neoplasia.

The Effects of Nutrients on Stem Cell Function and Regeneration in Bone Tissue in Response to Ectopic Adipogenesis.

Deciphering the hierarchy of human bone marrow stromal cells.

Effects of Per- and Polyfluoroalkyl Substances on Bone Marrow Adipose Environment: Potential Implications for Bone Metastatic Cancers.
Assessing Bone Marrow Adipose Tissue in Older Adult Lumbar Vertebrae.

3) BMAT and metabolic diseases

Husam Bensreti
Dalia Ali
Rebecca L. Schill
Katja Wegener
Andrea Benova
Jacob M. Bond
Not shown

Orchiectomy sensitizes the skeleton of male mice to the deleterious effects of kynurenine.

High Fat Diet (HFD)-Induced Obesity Augments the Deleterious Effects of Estrogen Deficiency in Bone. Evidence from ovariectomized Mice.
Glucocorticoid Receptor in Bone Marrow Adipocytes is not Required for Expansion During Calorie Restriction.

Hyaluronan matrix in bone marrow adipose tissue: implications for the development and progression of insulin resistance.

The effect of novel thiazolidinedione analog on bone and metabolic parameters in animal model of diet induced obesity.

The role of Nox4-ROS in driving obesogenic bone marrow mesenchymal stem cell phenotype in mice.

Poster 14
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Term Description B coefficient 95%-Cl p-value

Integral vVBMD = -0.669 -0.010;-0.005 <0.001
CT_SRE Higher-order texture feature, representing the short-run emphasis 0.721 154.622,287.516 <0.001
CT_Varianceglobal Global texture feature, representing the spread of gray-level distribution -0.519 -0.021;-0.008 <0.001
PDFF_Variance Second-order texture feature, representing the voxel co-occurrence distribution 0.351 5.390;36.408 0.011

This table shows the variables kept in the final linear regression model (adjusted R? [RZ] = 0.81 (F(6, 19) = 19.2, p <0.001) after a stepwise approach using the binary fracture status (at least
one osteoporotic vertebral fracture present/no osteoporotic vertebral fracture present) as the dependent variable (analyses on patient level). Specifically, it included integral volumetric bone
mineral density (vBMD) and the texture features CT_SRE, CT_Varianceglobal, and PDFF_Variance (P coefficients, 95%-confidence intervals [Cls], and p-values shown per texture feature).
Patient age, sex, and the number of independent variables were considered for adjustment. For analyses on patient level, integral and trabecular vBMD, PDFF, T2*, and texture features
were averaged over the included vertebral bodies to provide one value per parameter in each patient, respectively.
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Age-Related
Mechanism

BMSC Potential

Bone Loss

Hematopoietic Cells

Decreased Immune
Fidelity

Cellular Senescence

Secreted Factors

IL-10

TNF-or

RELA

PPARY

RANKL,

Leptin, Resistin, Chemerin

Adipsin
Adiponectin
IL-6

IL-1, NLRP3

CCL2/MCP-1
COX-2

NF-kB (pro-inflammatory gene)

IL-1a,, IL-1B, TGF- (pro-inflammatory

cytokines)

p21, p16 (tumor suppressing genes)

CXCL1/2, CCL2/MCP-1 (chemokines)

= down-requlates/decreases; 1 = up-regulates/increases.

Associated Effect

| skeletal stem/progenitor cell number and function
| osteoblastogenesis

1 adipogenesis
| osteoblastogenesis
1 osteoclastogenesis

-pro-inflammatory; regulates adipogenesis

-prime BMSC differentiation towards adipogenesis
-prevents progenitor expansion

1 myeloid skewing of HSCs

1 BM cellularity

-can alter immune response and hematopoiesis
-inhibits B lymphopoiesis

-induces the differentiation of immunoregulatory cells like
regulatory T-cells and MDSCs

-induces macrophage migration

1 pro-inflammatory cytokines

1 ROS

1 proliferative and differentiation capacities of
surrounding cells
| stem/progenitor cell number and functionality
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Term Description B coefficient 95%-Cl p-value
CT_Correlation Second-order texture feature, representing the linear spatial relationships between texture elements -0.639 -1.308-0.938  <0.001
CT_SRLGLE Higher-order texture feature, representing the joint distribution of short runs and low gray-level values 0.173 -44.109;2028.023  0.060
PDFF_SumAverage Second-order texture feature, representing the spread of the mean voxel co-occurrence distribution -0.183 -134.472;-30.952  0.002
CT_Varianceglobal ~ Global texture feature, representing the spread of gray-level distribution -0.435 -0.020;-0.005 0.001
CT_LRHGLE Higher-order texture feature, representing the joint distribution of long runs and high gray-level values -0.724 0.000;0.000 <0.001
CT_Contrast Second-order texture feature, representing the local intensity variation 0.551 0.000;0.000 <0.001
PDFF_Energy Second-order texture feature, representing uniformity -0.201 -227.524;-36.375  0.007

This table shows the variables kept in the final linear regression model (adjusted -4 [F(f] =0.66, (F(10, 160) = 34.7, p < 0.001) after a stepwise approach using the binary fracture status (at
least one osteoporotic vertebral fracture present/no osteoporotic vertebral fracture present) as the dependent variable (vertebral level-wise analyses). Specifically, it included the texture
features CT_Correlation, CT_SRLGLE, PDFF_SumAverage, CT_Varianceglobal, CT_LRHGLE, CT_Contrast, and PDFF_Energy (B coefficients, 95%-confidence intervals [Cls], and p-
values shown per texture feature). Patient age, sex, the number of independent variables, and the vertebral level (T1-L5) were considered for adjustment. For vertebral level-wise analyses,
the data from each vertebral body were considered as a separate data point.





