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Abstract

Aging is associated with an increase in circulating inflammatory factors. One, the cytokine stromal 

cell-derived factor 1 (SDF-1 or CXCL12), is critical to stem cell mobilization, migration, and 

homing as well as to bone marrow stem cell (BMSC), osteoblast, and osteoclast function. SDF-1 

has pleiotropic roles in bone formation and BMSC differentiation into osteoblasts/osteocytes, and 

in osteoprogenitor cell survival. The objective of this study was to examine the association of 

plasma SDF-1 in participants in the cardiovascular health study (CHS) with bone mineral density 

(BMD), body composition, and incident hip fractures. In 1536 CHS participants, SDF-1 plasma 

levels were significantly associated with increasing age (p < 0.01) and male gender (p = 0.04), but 

not with race (p = 0.63). In multivariable-adjusted models, higher SDF-1 levels were associated 

with lower total hip BMD (p = 0.02). However, there was no significant association of SDF-1 with 

hip fractures (p = 0.53). In summary, circulating plasma levels of SDF-1 are associated with 

increasing age and independently associated with lower total hip BMD in both men and women. 

These findings suggest that SDF-1 levels are linked to bone homeostasis.
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Introduction

Osteoporosis is a major public health problem, affecting 12 million Americans [1]. Although 

the mechanisms involved in age-related osteoporosis remain poorly defined, recent studies 

from our group and others suggest it may be a stem cell disease [2–4]. Aging triggers 

impaired localization, proliferation, survival, and differentiation of the main bone marrow 

(BM) stem cell populations, including bone marrow mesenchymal stromal/stem cells 

(BMSCs). Aging is also associated with a generalized increase in circulating inflammatory 

factors. One of these, the cytokine stromal cell-derived factor 1 (SDF-1 or CXCL12), has 

been shown to be essential to BMSC function [5–7]. SDF-1 likely plays multiple roles in 

bone formation through regulation of BMSC migration, recruitment, and engraftment, as 

well as BMSC survival and differentiation into osteoblasts and osteocytes along with 

osteoblast survival and proliferation [5–9]. Additionally, SDF-1 and its receptors are found 

in adipocytes and associated with adipose tissue, possibly contributing to what is now being 

recognized as a Fat-Bone axis [10–13]. This suggests a complex relationship, not only in 

normal tissue, including skeletal, and adipose tissue, during development and maintenance, 

but also that this relationship may change with age and chronic inflammatory stimulation.
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There appears to be a difference in either expression or turnover of SDF-1 in different tissue 

compartments that is poorly understood. The cytokine SDF-1 is secreted by cells in multiple 

tissues as a local paracrine signaling factor and as a long distance chemokine in response to 

injury to help mobilize and target immune response cells and reparative cells to areas of 

injury and inflammation [14]. As such, there is a relatively steady basal/homeostatic level of 

SDF-1 in plasma reflecting summed chronic responses with acute short-term increases 

induced by events like tissue injury. Given that SDF-1 is a powerful pleiotropic cytokine its 

secretion and turnover is tightly regulated so that a specific newly secreted molecule is 

available as a bioactive ligand, one that can bind to and activate its receptors, with a half-life 

of only a few minutes [8, 15–18]. Newly secreted SDF-1 is rapidly degraded in plasma by a 

series of proteases and peptidases to a point where the degraded forms are cleared. In 

plasma, the removal of the first two N-terminal amino acids by Dipeptidyl peptidase-4 

(DPP4) occurs within less than 5 min; this initial cleavage prevents SDF-1 from being able 

to activate its receptor CXCR4. Shortly thereafter, additional degradation of the N-terminal 

end occurs to the point that ELISA can no longer be used to detect the remnant of the 

circulating cytokine, and it is cleared by the kidney with a half-life of approximately 25 min 

[15, 19]. In musculoskeletal tissues, mRNA and protein expression of SDF-1 and its 

receptors have been reported to both increase and decline with aging, while in the plasma, 

levels are reported to consistently rise with aging [19–22]. Increases in plasma SDF-1 levels 

with age maybe compensatory for reduced receptor signaling or other factors including 

chronic tissue injury. Increased plasma SDF-1 levels have been reported to be linked to a 

decrease in the level of circulating endothelial progenitor cells that are important in 

angiogenesis and vascular repair, factors that may be critical in osteogenesis and 

osteoporosis [20, 22, 23]. For example, this decline in circulating stem cells may be related 

to higher plasma SDF-1 levels that ultimately result in exhaustion of endothelial progenitor 

cells, along with other stem cell populations such as mesenchymal BMSC pools, as a 

consequence of SDF-1 driven mobilization with reduced rehoming to the stem cell niche 

over time. Alternatively or concurrently, an increase in the percentage of the circulating 

SDF-1 that is inactivated by proteolytic post-translational modification could result in 

reduced overall SDF-1 bioactivity with age and therefore reduce BMSC self-replacement or 

function [20, 23].

Despite an association of SDF-1 to osteogenesis, the relationship of circulating SDF-1 to 

bone mineral density (BMD), body composition, and osteoporotic fractures has not 

previously been reported. As such, the purpose of this study was to examine the association 

of plasma SDF-1 in elderly men and women with BMD of the lumbar spine, total hip and 

femoral neck, body composition, and incident hip fractures.

Materials and Methods

Participants

The Cardiovascular Health Study [24] is a longitudinal, community-based study of older 

men and women (age ≥ 65 years) designed to determine the factors that predict development 

and progression of cardiovascular disease [24]. Participants were recruited through random 

sampling from Medicare eligibility lists at 4 locations: Forsyth County, North Carolina; 
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Sacramento County, California; Washington County, Maryland; and Allegheny County, 

Pennsylvania. The main cohort of 5201 participants was enrolled between 10 June 1989 and 

30 May 1990. To increase minority representation, an additional 687 African–American 

participants were recruited from November 1992 through 11 June 1993. Participants were 

excluded if they were institutionalized, required a proxy to complete informed consent, were 

planning to move out of the area within 3 years of recruitment, required a wheelchair in the 

home, were receiving hospice care, or were undergoing radiation or chemotherapy for 

cancer. In-person, examinations were performed annually from 1989 to 1999 and again in 

2005 to 2006. Telephone interviews were conducted semiannually from 1989 to 1999 and 

biannually thereafter. The total cohort included 5888 participants. Two of the four CHS sites, 

the Pittsburgh, Pennsylvania, and Sacramento, California, centers, performed dual energy X-

ray absorptiometry (DXA) scans on 1,591 participants during the year 7 visit (1994–1995) 

of CHS. A complete DXA dataset was available for 1,566 participants. Among these 

individuals, year 7 (1994–1995) plasma SDF-1 measures were available in 1,536 

participants, forming our analysis cohort. The institutional review board (IRB) at each site 

approved the CHS methods, and all participants gave written informed consent. Augusta 

University’s Office of Human Research Protection Assurance approved the use of human 

plasma samples previously collected as part of the CHS.

SDF-1 Quantification

Total plasma levels of the most abundant form of human SDF-1, SDF-1α were assayed by 

ELISA in 1,536 participants’ plasma samples from the year 7 visit (1994–1995) as 

previously described [25]. Blood samples were collected in the presence of EDTA 

anticoagulant, and plasma was isolated. All plasma samples obtained from the NIH CHS 

study bank were de-identified and run in duplicate. Additionally, 3 separate control plasma 

samples with known quantities of SDF-1α (C1 1000, C2 2500 and C3 5000 pg/ml) were 

reconstituted, aliquoted, and stored frozen at −80 Celsius to assess coefficients of variation 

(CVs). All samples for the ELISAs to be run on one day (4 plates, 148 subject samples) 

were thawed on ice together along with the control plasma samples. A new vial of the 

SDF-1α standards was reconstituted for each plate and a dilution curve obtained per vendor 

instructions. The SDF-1α plasma levels were quantified using a sandwich ELISA kit 

(Quantikine Human CXCL12/SDF-1α Immunoassay, R & D Systems, Inc., Minneapolis, 

MN) according to the manufacturer’s protocol. All three SDF-1α control samples for each 

plate were within their acceptable ranges: low 1000 pg/ml (acceptable range = 728–1249 pg/

ml), medium 2500 pg/ml (acceptable range = 2156–3432), and high 5000 pg/ml (acceptable 

range = 4412–6321) concentrations of human SDF-1α. The intra assay CVs were C1 6.1% 

(mean 859, SD 51 pg/ml), C2 3.7% (mean 2913, SD 109 pg/ml), and C3 2.3% (mean 6191, 

SD 164 pg/ml). The inter assay CVs were C1 10.5% (mean 819, SD 82 pg/ml), C2 7.2% 

(mean 2804, SD 203 pg/ml), and C3 8.3% (mean 6037, SD 499 pg/ml).

Bone Mineral Density and Body Composition

Total hip, femoral neck, lumbar spine, and total body BMD were measured in 1591 

participants at the 1994–1995 study visits using Hologic QDR-2000 densitometers (Hologic, 

Inc., Waltham, MA) and read centrally at the University of California San Francisco reading 

center using Hologic software, version 7.10. All scans were completed using the array beam 
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mode. Standardized positioning and use of QDR software was based on the manufacturer’s 

recommended protocol. Body composition measurements including total and percentage of 

lean and fat mass were also obtained from these densitometry scans [26].

Fracture Ascertainment

Incident (new) hip fractures were defined by a hospital discharge International Classification 

of Diseases, Ninth Revision (ICD-9), code of 820.xx. CHS prospectively obtained all 

hospitalization data, including discharge summaries, from participants every 6 months. 

These data were checked against Medicare claims data to identify any hospitalizations not 

reported by participants. Follow-up for incident hip fracture began at year 7 after the 

SDF-1α measurements and was continued to a hip fracture event, death, loss to follow-up, 

or June 30, 2013. Hip fractures caused by motor vehicle accidents or severe injury were 

excluded.

Covariates

Covariates were selected a priori based on associations with osteoporosis (BMD or fracture) 

from the year 7 data of CHS (same year as DXA studies and start of analysis). Age, race, 

and gender were determined by participant self-report. Body weight was measured using a 

calibrated balance beam scale. Height was measured with a wall-mounted stadiometer. 

Height and weight were used to calculate body mass index (kg/m2 [BMI]) and change in 

BMI. We chose to use BMI, instead of weight in these analyses, because we included 

multiple covariates in the final model. It has been reported that low weight is a better 

predictor of osteoporosis without other factors being considered, whereas BMI is a better 

predictor when multiple covariates are included [27]. CHS study sites were included as there 

may be unmeasured factors that are captured by different geographical regions that relate to 

osteoporosis risk; in support of this, it has been reported that there can be geographic 

heterogeneity in fracture incidence [28].

Current smoking history, alcohol use (0 drinks/week, 1–7 drinks/week, >7 drinks/week), and 

highest level of education achieved (≥ or <12th grade completed) were obtained by 

participant self-report. Level of education was considered as a surrogate for socioeconomic 

status, which may be associated with fracture risk [29]. Alcohol use was considered as 

present in women if there were at least 7 drinks/week and in men who drank at least 14 

drinks/week. Prevalent cardiovascular disease (CHD) was defined as a history of angina, 

myocardial infarction, angioplasty, or coronary artery bypass graft. History of diabetes (use 

of insulin or oral hypoglycemic agents, non-fasting glucose ≥ 200, or fasting glucose level ≥ 

126 mg/dL) was obtained. Both prevalent CHD and history of diabetes were adjudicated 

within CHS.

Renal function was assessed by cystatin C-based estimated glomerular filtration rate 

(eGFRcys). Use of selected medications [oral corticosteroids, cardiac medications 

angiotensin converting enzyme inhibitors (ACE), angiotensin-receptor blockers (ARBs), β-

blockers, and diuretics (loop, thiazide, potassium sparing, combination)], opioids, sedative 

hypnotics (benzodiazepines and other sedatives/hypnotics), anticonvulsants/antidepressants, 

osteoporosis medications (estrogen, calcium and vitamin D supplements, SERMs, 
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bisphosphonates, and calcitonin), diabetes medications, and proton pump inhibitors was 

ascertained from a review of prescription bottle labels by interviewers [30]. Self-reported 

health status (excellent/very good vs. good vs. fair/poor) was obtained [31]. Health was 

considered good if excellent/very good/good or not fair/poor. Frailty status [frail (defined as 

3 or more of the following: unintentional loss of >10 pounds in past year, self-reported 

exhaustion, weak grip strength, slow walking speed, and low physical activity), intermediate 

(defined as 1 or 2 of the above criteria), or not frail] [32].

Statistical Analysis

Baseline participant characteristics across SDF-1α quartiles were described using linear 

trend tests for continuous variables and Chi-square tests for categorical variables. Linear 

regression analysis was used to estimate the association between measurements of body 

composition, BMD, and SDF-1α. Time to hip fracture event was calculated as the interval in 

years from the baseline visit in 1994/95 to the earliest date of first incident hip fracture, 

death, loss to follow-up, or end of follow-up on June 30, 2013. Cox proportional hazards 

models were used to estimate the hazard ratio (HR) of incident hip fracture associated with 

SDF-1α. We performed generalized additive models in both linear regression for BMDs and 

body composition measures and Cox regression for hip fracture with SDF-1α and found no 

departures from linearity. We considered 3 nested models: unadjusted models; models 

adjusted for age, race, clinic site, gender (minimally adjusted models); and fully adjusted 

models with age, race, clinic site, gender, smoking and alcohol use, BMI, change in BMI, 

frailty status, diabetes status, prevalent cardiovascular disease, self-reported health, renal 

function, and medication use.

Owing to differences in the natural history of, body composition between men, and women, 

in addition to analyzing men and women combined, we a priori stratified our analysis by 

gender. Analyses were conducted using R R Development Core Team (2016) [33].

Results

Participant Characteristics

Baseline characteristics of the study population by quartiles of SDF-1α are shown in Table 

1. 42% of the population were men and 19% were African American. The mean age was 78 

years, with a range of 67–97 years. Among the osteoporosis medications used, 8 individuals 

were taking bisphosphonates, 22 estrogen, and 9 a SERM. 16 persons were taking calcium 

supplements and 10 were taking vitamin D. None were taking calcitonin. These groups were 

not mutually exclusive; for example, a person might have taken both a bisphosphonate and a 

vitamin D supplement.

SDF-1α Association with Age, Gender, and Race

The mean SDF-1α was 2298 pg/ml, with a range of 1047–4760 pg/ml (See Table 1 for 

SDF-1 quartiles). SDF-1α plasma levels were significantly associated with increasing age (p 
< 0.01) and male gender (p = 0.04). On average, the SDF-1α level was 18 pg/ml higher for 1 

year increase in age. SDF-1α levels were a mean of 48 pg/ml higher in males than females. 

SDF-1α was not significantly associated with race (p = 0.63).
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SDF-1α Association with Bone Mineral Density

In multivariable-adjusted models including age, race, clinic site, gender, smoking, alcohol 

use, BMI, change in BMI over 2 years, frailty status, health status, prevalent cardiovascular 

disease, diabetes status, renal function, and medication use, higher SDF-1α levels were 

associated with lower total hip BMD (p = 0.02), and a trend for lower total body BMD (p = 

0.07) and femoral neck BMD (p = 0.09), but not with lumbar spine BMD (p = 0.75) (Table 

2). Results were similar for both women and men (data not shown).

SDF-1α Association with Body Composition

In multivariable-adjusted models, SDF-1α was significantly positively associated with total 

mass (p = 0.05), and total fat mass (p = 0.04), in men, and positively associated was percent 

lean (p = 0.04) and negatively associated with percent fat (p = 0.04) in women. (Tables 3, 4).

SDF-1α Association with Incident Hip Fracture

There were 169 hip fractures during a median of 11 years of follow-up, with an incidence 

rate of 1 hip fracture per 100 person-years of follow-up (95% CI 0.8, 1.2). Log rank test p-

value across quartiles of SDF-1 revealed a p-value of 0.25. In multivariable-adjusted 

analyses, there was no significant association between SDF-1 concentrations and risk of 

incident hip fracture (Table 5).

Discussion

In elderly community dwelling men and women in the CHS, higher SDF-1α concentrations 

were associated with age and independent of age, with lower total hip BMD. In men, higher 

SDF-1α was associated with higher total body mass and percentage body fat, while in 

women, SDF-1 was positively related to percentage of lean mass and inversely related to the 

percentage of fat mass. There was no significant association of SDF-1α with incident hip 

fractures.

Blood levels of SDF-1α may represent a gestalt of overall CXCL121α expression and 

turnover, and our findings that hip BMD is inversely related to SDF-1α plasma 

concentrations suggest that increased plasma levels of SDF-1α, at least in older adults, are 

associated with osteoporosis. That older age and lower BMD are independently associated 

with higher SDF-1α concentrations in CHS patients is on the surface in conflict with 

observations that SDF-1 signaling is critical for osteogenesis and bone formation [7, 9]. 

However, little is known about the variation with age in the levels and bioactivity of the 

SDF-1 axis in the BM microenvironment relative to that seen in the peripheral circulation. 

There is evidence that the aged BM microenvironment suppresses the function of adult stem 

cells in bone formation [34], and while regulation of SDF-1 levels with age in the BM 

microenvironment is poorly understood, SDF-1 bioactivity appears to decrease with age in 

BM and in BMSCs [21, 22, 35]. The reason for the discrepant finding that SDF-1α is 

increased in the plasma in association with both higher age and lower BMD may be related 

to a number of potential mechanisms. For example, chronic elevation of plasma SDF-1 may 

induce mobilization of the BMSC population that is responsive to peripheral injury. Over 

time, this may deplete osteoprogenitor numbers in the BM akin to the proposed loss of 
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endothelial progenitor cells with chronic increased circulating SDF-1 [20, 23]. Further, the 

percentage of SDF-1, that can activate CXCR4, drive osteogenesis, and maintain the BMSC 

population, as part of the total pool of circulating SDF-1 may decline with age relative to 

partially N-terminal degraded SDF-1 that is inactive or may have altered bioactivity [17, 18]. 

Additionally, there have been recent connections established between SDF-1, osteoclast 

recruitment, and function [36]; this may link increased circulating SDF-1 with increased 

bone resorption. However, the interactions of SDF-1 with osteoclast development and 

activity are complex and may depend on the local concentration of bioactive SDF-1, such 

that low levels of SDF-1 act on pre-osteoclasts to increase differentiated osteoclast activity, 

but higher levels of SDF-1 block this effect [37]. Distinguishing different post-

translationally proteolytically processed forms of circulating SDF-1 from intact forms 

competent to activate receptors are challenging since the initial N-terminal cleaved SDF-1 

isoforms are also detected by the antibodies used in SDF-1 ELISAs [17, 18]. Our finding 

that high plasma SDF-1α levels are associated with decreased total hip bone mineral density 

is novel and fits with the idea that the SDF-1 signaling axis is critical in bone homeostasis 

and that this may become dysfunctional with age. Assessment of SDF-1α plasma levels may 

potentially be useful as a biomarker for chronic bone disease and may provide a window into 

pathogenic bone changes.

Our findings that plasma SDF-1 levels were associated with body composition, in particular 

adipose tissue, in men fits well with the idea that adipose tissue in normal and obese states 

has differing interactions with SDF-1 expression and function [10–13, 38]. Again, this 

should be considered in the context that increased plasma SDF-1 levels may reflect 

increased levels of inactive or alternative bioactive SDF-1. Obesity is recognized as a low-

grade chronic inflammatory state, which involves a chemokine network contributing to a 

variety of diseases. SDF-1 and its receptors have been reported to be expressed in both 

preadipocytes and adipocytes [11]. It also is tied to the localization of inflammatory 

regulator cells in peripheral tissues including adipose tissue [13, 39]. SDF-1 is involved in 

the development and progression of immune responses [40]. It serves as a recruiter for 

migration and trafficking of leukocytes and progenitor cells and is linked to infiltration of 

macrophages into adipose tissue in obesity [10, 39]. Adipose tissue itself in diet-induced 

obese mice is a source of SDF-1 that homes macrophages and is linked to increased pro-

inflammatory factors [11, 12]. Treatment of obese mice with a CXCR4 antagonist reduces 

macrophage accumulation and production of pro-inflammatory cytokines in white adipose 

tissue (WAT) and improves systemic insulin sensitivity [39]. This may in part be related to a 

decrease in adipocyte CXCR4 expression with obesity and changes the tissues own 

responsiveness to SDF-1. Indeed, normally adipocyte CXCR4 activation limits the 

development of obesity by preventing excessive inflammatory cell recruitment into WAT and 

by supporting thermogenic activity of brown adipose tissue (BAT), but with a high-fat diet, 

CXCR4 is reduced and adipose tissue becomes a pro-inflammatory center and develops 

insulin resistance. Therefore, dysregulation of SDF-1 expression, its processing to 

nonfunctional or alternative function forms, and changes in its receptor number and function 

may link the SDF-1 axis with changes in stem cell mobilization and tissue composition. In 

contrast to our findings of an association of adipose body composition and SDF-1 in men, 

Kitahara et al. in a cross-sectional study of 1703 elderly men and women did not see an 
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association of SDF-1 levels overall with BMI for either men or women [41]. However, the 

multiplex assay used by Kitahara et al. was less sensitive for SDF-1 quantification than the 

ELISA used here and measurements of body composition were not obtained [41]. Also, in 

contrast to our findings, in a small study looking at overweight adolescents with metabolic 

syndrome, Jung et al. saw an inverse relationship between waist circumference and plasma 

SDF-1 by ELISA [42]. This study utilized a vastly younger age group where both total 

SDF-1 levels and biologically active SDF-1 levels may also differ significantly.

While there was a slightly higher plasma SDF-1 level on average in men relative to women, 

both men and women showed similar associations of high SDF-1 levels with lower BMD. 

However, in contrast, there was an association between higher SDF-1 levels in men and 

greater adiposity, while the reverse appeared to be true in women. For men, this provides a 

possible linkage between obesity and decreased BMD via SDF-1. However, this does not 

hold true for older women, suggesting that there are gender differences in the relationship 

between adipose tissue and SDF-1 levels. This may be important in understanding 

differences in age-associated bone loss, and osteoporosis, in older post-menopausal women 

and similar aged men. As such, this supports understanding the role of SDF-1 expression, 

BMD and body composition in men and women at different ages and how menopause and 

different steroid hormones are involved. For example, we have identified age-associated 

epigenetic changes in human mesenchymal stem cells that target the SDF-1 axis, specifically 

in the microRNAs miRNA 29b-1-5p and miR-141 (unpublished data), which in turn are 

sensitive to estrogen inhibition [43].

There are a number of limitations to this study. We did not have information on clinical 

markers of inflammation. The number of individuals taking osteoporosis medications was 

too small to assess the association of specific medications on outcomes. Additionally, we did 

not have information on the length of therapy of osteoporosis medications. Cystatin C 

measurements were done in year 5 of CHS, which was 2 years prior to the SDF-1 

measurements. Renal function may have changed over these 2 years that we would not have 

accounted for.

We did not have information on renal function in 106 of the participants; however, in a 

recent study determining, the relationship of plasma SDF-1 and cardiovascular outcomes in 

subjects with chronic kidney disease adjustment for eGFR did not change the association of 

SDF-1 levels with cardiovascular outcomes or age [19]. For hip fractures, we only had 

ICD-9 hospital discharge diagnoses and hip fractures were not further adjudicated in CHS. 

Additionally, the plasma was not collected in a fasting state, which can affect SDF-1 plasma 

levels [12]. We only measured the most abundant alternatively spliced variant of SDF-1, 

SDF-1α; however, other alternatively spliced forms such as SDF-1β can be found in plasma 

and may have different activity profiles [7]. We were also unable to distinguish total SDF-1 

from bioactive SDF-1. Total plasma SDF-1 levels are relatively stable when collected within 

30 to 90 min of a blood draw [25]; however, there is rapid degradation and inactivation of 

SDF-1 occurring probably within the first 5–10 min [16], leaving isoforms that are still 

detectable by standard ELISA, but the actual normal bioactivity of this pool of SDF-1 is lost 

[17, 18]. The question remains then, does our finding of an association of higher levels of 

total plasma SDF-1 with age represent more, or less, bioactive SDF-1 isoforms in 
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circulation? In that the specific SDF-1 isoforms in circulation, and in different tissue 

compartments, may have specific bioactivities suggests that for future studies, it will be 

critical to collect blood samples with proteolytic inhibitors (e.g., to DPP4, MMPs, elastase, 

etc.) already in the collection tubes to prevent ongoing and post-collection proteolysis of 

SDF-1 and other plasma/serum components in order to “freeze” and accurately assess the in 
vivo sample isoform profile [44]. Importantly, assessment of these different types of SDF-1 

isoforms is now technically possible with Immunoaffinity Enrichment and Tandem Mass 

Spectrometry analysis [18]. DXA scans were only done at one time period in CHS; thus, we 

were unable to determine the association of SDF-1 concentrations with changes in BMD or 

body composition. Finally, while there were significant associations of plasma SDF-1α 
levels with BMD, age, and for males, body composition, this is not proving cause and effect, 

and there may be other factors that are involved in the fat-bone axis [10–13].

Conclusions

Circulating plasma levels of SDF-1 are associated with lower total hip bone mineral density 

in both men and women. The relationship of SDF-1 to body composition differs by gender. 

These findings suggest that SDF-1 levels are linked to bone homeostasis in elderly men and 

women and provide the rationale for further assessment of the role of SDF-1 in osteoporosis 

and age-associated bone loss.
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Table 2

Association of plasma SDF-1 levels with bone mineral density

β SE 95%CI p-val

Total hip BMD −2.16a 0.99 (−4.11, −0.20) 0.03

−1.83b 0.79 (−3.39, −0.28) 0.02

−1.88c 0.82 (−3.48, −0.28) 0.02

Femoral neck BMD −1.09a 0.83 (−2.72, 0.53) 0.19

−0.84b 0.70 (−2.22, 0.53) 0.23

−1.28c 0.74 (−2.73, 0.18) 0.09

Lumbar spine BMD 0.98a 1.43 (−1.83, 3.78) 0.50

0.48b 1.33 (−2.12, 3.08) 0.72

−0.48c 1.48 (−3.372.42) 0.75

Total body BMD −0.87a 0.86 (−2.55, 0.82) 0.31

−1.23b 0.64 (−2.48, 0.02) 0.05

−1.30c 0.71 (−2.69, 0.09) 0.07

a
Model 1: Unadjusted

b
Model 2: Age, Race, Clinic Site, Gender

c
Model 3: Age, Race, Clinic Site, Gender, Smoking and Alcohol use, BMI, Change in BMI, Frailty Status, diabetes status, renal function, 

medication use, prevalent CHD, self-reported health

Linear regression estimates for association of the total hip, femoral neck, lumbar spine, and total body BMD in 10−2 g/cm2 and per 1000 pg/ml 
increase in SDF-1

β Beta (β is the average change in BMD (in 10−2 g/cm2) per increase of 1000 pg/ml for SDF-1)

SE standard error, CI confidence interval, p-va p-value
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Table 3

Body composition measurements by SDF-1 concentration

β SE 95%CI p-val

Total lean (kg) 0.99a 0.57 (−0.12, 2.10) 0.08

0.61b 0.32 (−0.02, 1.23) 0.06

0.39c 0.33 (−00.26, 1.03) 0.25

Percent lean 0.96a 0.55 (−0.12, 2.03) 0.08

−0.30b 0.41 (−1.09, 0.50) 0.47

0.35c 0.31 (−0.25, 0.95) 0.25

Total fat (kg) −0.10a 0.54 (−1.17, 0.97) 0.86

1.05b 0.51 (0.04, 2.05) 0.04

0.05c 0.27 (−0.48, 0.59) 0.86

Percent fat −0.96a 0.55 (−2.03, 0.12) 0.08

0.30b 0.41 (−0.50, 1.09) 0.47

−0.35c 0.31 (−0.95, 0.25) 0.25

Total mass (kg) 0.89a 0.79 (−0.65, 2.44) 0.26

1.65b 0.71 (0.30, 3.05) 0.02

0.43c 0.437 (−0.42, 1.29) 0.32

a
Model 1: Unadjusted

b
Model 2: Age, Race, Clinic Site, Gender

c
Model 3: Age, Race, Clinic Site, Gender, Smoking and Alcohol use, BMI, Change in BMI, Frailty Status, diabetes status, renal function, 

medication use, prevalent CHD, self-reported health

β Beta (β is the average change in the outcome per increase of 1000 pg/ml for SDF-1)

SE standard error, CI confidence interval, p-val p-value
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Table 5

Incident hip fractures by SDF-1 concentration

HR 95%CI p-val

Hip fracture Model 1 1.41 (1.004, 1.99) 0.05

Model 2 1.14 (0.81, 1.62) 0.45

Model 3 1.1 (0.73, 1.65) 0.65

Model 1: Unadjusted

Model 2: Age, Race, Clinic Site, Gender

Model 3: Age, Race, Clinic Site, Gender, Smoking and Alcohol use, BMI, Change in BMI, Frailty Status, diabetes status, renal function, 
medication use, prevalent CHD, self-reported health

HR hazard ratio, the HR iss per an increase of 1000 pg/ml of SDF-1 (Cox proportional hazards models were used to estimate the hazard ratio)

CI confidence interval, p-val p-value
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