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Background: Evidence regarding the relationship between various circulating 

antioxidants and bone mineral density (BMD) remains controversial. 

Objective: This study aimed to evaluate the associations between circulating 

antioxidant levels and BMD in an older adult population. 

Methods: We included 398 participants from the midlife in the United States (MIDUS) 

study who underwent BMD measurements (g/cm²) of lumbar spine (L1-L4) and total 

femur, as well as circulating antioxidant concentrations (umol/L). The relationships 

between blood antioxidants (total lutein, zeaxanthin, alpha-carotene, 13-cis-beta-

carotene, all trans-beta-carotene, gamma-tocopherol, alpha-tocopherol, total lycopene, 

beta-cryptoxanthin and retinol) and BMD value in lumbar spine and femur were 

examined. 

Results: Univariate correlation analysis revealed positive associations between four 

blood antioxidants (total lutein, 13-cis-beta-carotene, alpha-carotene and all trans-beta-

carotene) and BMD value at both sites (lumbar spine and femur). After adjusting for 

demographic characteristics and lifestyle factors, After adjusting for demographic 

characteristics and lifestyle factors, sensitivity analyses demonstrated significant 

associations of total lutein (P for linear trend = 0.038), 13-cis-beta-carotene (P for linear 

trend = 0.044), and alpha-carotene (P for linear trend = 0.019) with lumbar spine BMD. 

For femoral BMD, 13-cis-beta-carotene (P for linear trend = 0.010) and alpha-carotene 

(P for linear trend = 0.007) remained significantly associated. Trend tests suggested that 

these associations weakened as antioxidant levels increased. 

Conclusions: Higher circulating levels of total lutein, 13-cis-beta-carotene, and alpha-

carotene were strongly associated with increased BMD in the lumbar spine and femur. 

Further prospective studies are warranted to confirm these findings. 

Keywords: antioxidants, carotenoids, vitamins, bone density, femur, lumbar spine 
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Osteoporosis is a systemic bone disease caused by multiple factors, characterized by  

decreased in bone mineral density (BMD) and bone strength [1, 2], leading to an 

increased risk of fractures [3, 4]. Existing studies have reported that individuals over 

40 years of age in Asia and other regions might suffer from osteoporosis, especially 

among postmenopausal women [5]. Common fractures, such as vertebral compression 

fractures and femoral fractures, occur most frequently and are attributed to high 

osteoporosis risk [6-8]. Therefore, identifying strategies to prevent osteoporosis and 

enhance bone density remains crucial for improving the quality of life in middle-aged 

and older populations. 

Antioxidants, including carotenoids and vitamins, play an important role in bone 

health [9]. It is widely recognized that antioxidants are involved in osteoblast/osteoclast 

activity, oxidative stress, and adiposity-related metabolic inflammation, potentially 

influencing BMD and bone strength [10-13]. For instance, β-carotene can attenuate 

lipopolysaccharide-induced endoplasmic reticulum stress and mitochondrial oxidative 

damage [14]. Lycopene may help prevent bone loss in postmenopausal women by 

activating multiple signaling pathways [15]. A previous epidemiological study in the 

USA suggested that dietary vitamin B12 intake might benefit osteoporosis and fracture 

risk in elderly women [16, 17]. However, other studies have yielded inconsistent or 

even opposing conclusions [18-22]. A clinical study reported that elevated serum retinol 

levels were associated with an increased risk of low bone mass and osteoporotic 

fractures [23]. Some research indicated that dietary vitamin A intake could increase 

osteoclast proliferation and reduce BMD [18, 19]. Another randomized clinical trial 

involving nearly 3000 participants found that daily vitamin B intake did not 

significantly reduce fracture risk [20]. A recent study showed no correlation between 

plasma folate or vitamin B12 concentrations alone and bone loss in 447 participants 

[21]. A cross-sectional analysis of 6481 South Korean individuals reported that higher 

dietary vitamin A intake was associated with lower BMD and increased fracture risk 

[22]. These inconsistent conclusions share a common limitation: most studies focused 

on only one or two antioxidants. This narrow focus hinders our understanding of the 
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potential relationships between multiple blood antioxidants and BMD or fracture risk 

in real-world settings. Furthermore, most human or animal studies used oral 

supplementation or dietary intake, making it difficult to determine actual circulating 

antioxidant levels. 

Given this background, our study aimed to evaluate the associations between ten 

blood antioxidants (total lutein, zeaxanthin, alpha-carotene, 13-cis-beta-carotene, all-

trans-beta-carotene, gamma-tocopherol, alpha-tocopherol, total lycopene, beta-

cryptoxanthin, and retinol) and BMD in the lumbar spine (L1–L4) and total femur in a 

middle-aged and elderly population. We hope to provide additional evidence to clarify 

this controversial topic. 

 

Methods 

Participants 

The Midlife in the United States (MIDUS) study containing a total of 7,108 

noninstitutionalized adults was performed on 1995, and 4,963 individuals of them 

participated in the first follow-up between 2004 and 2006 in MIDUS II [24, 25]. During 

the MIDUS II period, 1,255 adult individuals completed a biomarker project containing 

demographic characteristics, lifestyle, disease history, physical examinations, blood 

antioxidants and BMD measurement [26]. Of these participants in the biomarker project 

(N=1,225), 398 adult individuals with complete data including blood antioxidants and 

BMD in lumbar spine and femur were enrolled into our analysis after excluding samples 

with missing variables (N=857), as described as in Figure 1. We freely extracted the 

MIDUS II data from ICPSR (www.icpsr.umich.edu/web/pages/ICPSR/) where the raw 

data is stored for free and each researcher can obtain it. The institutional review board 

of the MIDUS II Biomarker Project approved this study in accordance with the 

Declaration of Helsinki, and all participants provided written informed consent. 

 

Blood antioxidants 

The specific method for detecing blood antioxidants in the biomarker project has been 
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previously described [24-26]. Briefly, fasting blood samples were obtained from each 

participant before breakfast, and were then detected in the MIDUS Biocore Lab. A 

multiplex based assay (Bio-Rad Laboratories, Munich, Germany) for blood 

antioxidants including total lutein, zeaxanthin, alpha-carotene, 13-cis-beta-carotene, all 

trans-beta-carotene, gamma-tocopherol, alpha-tocopherol, total lycopene, beta-

cryptoxanthin and retinol were measured, according to manufacturer’s instructions. 

Data analysis was performed using Bio-Plex Manager software version 6.0. The within-

batch coefficient of variation (CV%) ranged from 7.15 to 13.89. 

 

BMD in lumbar spine (L1-L4) and total femur 

The measurement procedures have also been previously described [24-26]. In summary, 

the BMD levels in the femur and lumbar spine from each participant were measured 

using dual-energy X ray absorptiometry (DXA) scans with Hologic 4500 (Hologic, Inc., 

Bedford, Massachusetts, USA) technology or GE Healthcare Lunar Prodigy (GE 

Healthcare, Madison, Wisconsin, USA). Reading of all DXA scans was performed 

centrally by physicians at the University of Wisconsin DXA center. Three times per 

week, and on all days on which scans were obtained, instruments were calibrated and 

phantom scan data were acquired. No densitometer shift or drift occurred during the 

course of this study. For BMD cross‐calibration across the three clinical sites, a 

phantom was scanned 10 times on the densitometers at each of the three study sites. 

The linear regression equation developed from these calibration scans was used to 

correct BMD values from two of the three sites to make the data comparable across 

study sites. The recalibrated BMD values at the lumbar spine and left hip were reported 

in units of grams per square centimeters(g/cm2) [24-26].  

Femoral neck axis length (FNAL), the distance along the femoral neck axis from the 

lateral margin of the base of the greater trochanter to the apex of the femoral head, and 

femoral neck width (FNW), the smallest thickness of the femoral neck along any line 

perpendicular to the femoral neck axis, were measured from the hip scans using 

software provided by the scanner manufacturers. Composite indices of femoral neck 

strength relative to load were created using the following formulas[24-26]: 1) 
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CSI=BMD×FNW/Weight; 2) BSI=(BMD×FNW2)/(FNAL×Weight); and 3) ISI=(BMD 

×FNW×FNAL)/(Height×Weight). These three bone strength indices were recorded in 

grams per kilogram meter (g/kg-m). All three indices were recorded in units of grams 

per kilogram per meter (g/kg‐m). Because BMD was measured in grams per square 

centimeter, FNW and FNAL in centimeters, weight in kilograms, and height in meters, 

we scaled CSI and BSI by 100 to obtain values in units of grams per kilogram per meter 

(g/kg‐m). CSI reflects the ability of the femoral neck to withstand an axial compressive 

load, BSI reflects its ability to withstand bending forces, and ISI reflects the ability of 

the femoral neck to absorb the potential energy in a fall from standing height. 

 

Covariates 

Covariates included age, gender, body mass index (BMI), smoking, drinking, regular 

exercise and medical history (ever diagnosed with arthritis, depression, diabetes, stroke, 

or cancer). Smoking was classified as “whether or not ever smoked cigarettes regularly” 

(yes/no). Drinking was defined as “Number of years drank that much (years)”. Regular 

exercise was classified as “whether or not engage in regular exercise, or activity, of any 

type for 20 minutes or more at least 3 times/week”. BMI was calculated as weight (kg) 

divided by height squared (m²). 

 

Statistical analysis 

Statistical analyses were performed using EmpowerStats 5.2 (www.empowerstats.com; 

X&Y solutions, Inc., Boston MA). Continuous variables were assessed for normality 

using the Kolmogorov–Smirnov test and are presented as mean ± standard deviation 

(SD). Categorical variables are expressed as percentages (%). Each antioxidant was 

divided into tertiles (Q1–Q3). Univariate correlation analysis was first conducted to 

explore relationships between blood antioxidants and BMD. Adjusted linear regression 

models were then used to evaluate independent associations. Trend tests were 

performed to assess changes in associations across tertiles. 

In the adjusted analyses, antioxidants were independent variables, and BMD values 
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were dependent variables. The crude model was unadjusted. Model 1 was adjusted for 

age and gender. Sensitivity analyses further adjusted for age, gender, smoking, alcohol 

consumption, and regular exercise. Additionally, we also added “BMI” into the above 

model for these potential associations. A P value < 0.05 was considered statistically 

significant. 

 

RESULTS 

Characteristics of these participants 

A total of 398 individuals with complete data were analyzed. As shown in Table 1, the 

mean age was 52.3 ± 11.4 years, and 163 (41.0%) were male. Mean blood antioxidant 

levels were as follows: total lutein (0.2 μmol/L), zeaxanthin (0.1 μmol/L), beta-

cryptoxanthin (0.2 μmol/L), 13-cis-beta-carotene (0.1 μmol/L), alpha-carotene (0.1 

μmol/L), all-trans-beta-carotene (0.5 μmol/L), total lycopene (0.4 μmol/L), gamma-

tocopherol (4.3 μmol/L), alpha-tocopherol (25.6 μmol/L), and retinol (1.6 μmol/L). 

Mean BMD was 1.3 ± 0.2 g/cm² in the lumbar spine and 1.0 ± 0.2 g/cm² in the total 

femur. Univariate correlation analysis showed approximate positive correlations 

between total lutein, 13-cis-beta-carotene, alpha-carotene, and all-trans-beta-carotene 

with BMD in both the lumbar spine (Figure 2A–2D) and femur (Figure 2E–2H). 

However, these relationships weakened as antioxidant levels increased. 

 

Crude linear regression Models for associations between blood antioxidants and 

BMD 

In crude models without adjusting for any covariate (Table 2), significant associations 

with lumbar spine BMD were observed for total lutein (P for trend = 0.012), 13-cis-

beta-carotene (P for trend = 0.007), alpha-carotene (P for trend = 0.002), and all-trans-

beta-carotene (P for trend = 0.050). No significant associations were found for 

zeaxanthin (P value for trend=0.117), beta-cryptoxanthin (P value for trend=0.336), 

total lycopene (P value for trend=0.134), gamma-tocopherol (P value for trend=0.908), 

alpha-tocopherol (P value for trend=0.972), or retinol (P value for trend=0.766). 
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Similar results were obtained for femoral BMD, with total lutein (P for trend = 0.009), 

13-cis-beta-carotene (P for trend < 0.001), alpha-carotene (P for trend < 0.001), and all-

trans-beta-carotene (P for trend < 0.001) showing significant associations. Also, these 

positive associations weakened with increasing antioxidant concentrations.  

 

Sensitivity analyses for associations between blood antioxidants and BMD 

After adjusting for age and gender (Model 1, Table 3), total lutein (P for trend = 0.027), 

13-cis-beta-carotene (P for trend = 0.036), and alpha-carotene (P for trend = 0.015) 

remained significantly associated with lumbar spine BMD. For femoral BMD, 13-cis-

beta-carotene (P for trend = 0.011) and alpha-carotene (P for trend = 0.008) remained 

significant.  

Further sensitivity analysis with adjustment for age, gender, smoking, alcohol 

consumption, and regular exercise confirmed significant associations for total lutein 

(P for trend = 0.038), 13-cis-beta-carotene (P for trend = 0.044), and alpha-carotene 

(P for trend = 0.019) with lumbar spine BMD (Table 4). For femoral BMD, 13-cis-beta-

carotene (P for trend = 0.010) and alpha-carotene (P for trend = 0.007) remained 

significant. However, when BMI was added to the models, no significant associations 

were observed for any antioxidant with BMD at either site (Supplementary Table 1). 

 

Discussion 

Using data from the MIDUS II biomarker project, we evaluated associations between 

various circulating antioxidants and BMD in the lumbar spine and femur. Our results 

revealed significant positive correlations for total lutein, alpha-carotene, 13-cis-beta-

carotene, and all-trans-beta-carotene with BMD, whereas zeaxanthin, beta-

cryptoxanthin, alpha-tocopherol, gamma-tocopherol, total lycopene, and retinol 

showed no significant associations. These independent associations persisted after 

adjusting for demographic and lifestyle factors but disappeared after further adjustment 

for BMI. 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

Beyond irreversible factors such as age, gender, genetics, and ethnicity [27-29], 

numerous studies have confirmed that antioxidants, including vitamins and carotenoids, 

can reduce oxidative stress damage, delay cellular aging, and promote bone health [9-

13]. Dietary nutrients are essential for proper physiological function [9]. Vitamins A 

and D are involved in substance synthesis, enzymatic reactions, and molecular 

metabolism, while vitamin C exerts antioxidant effects to protect cellular structure and 

function [9]. However, the relationship between antioxidant intake and BMD remains 

controversial. For instance, a cross-sectional study found that dietary vitamin A intake 

did not alter BMD, consistent with our finding that blood retinol levels were unrelated 

to BMD [22]. Conversely, a recent meta-analysis indicated that varying levels of 

vitamin A intake or blood retinol were associated with total fracture risk [30]. That 

meta-analysis also suggested a U-shaped association between blood retinol and hip 

fracture risk [30]. Another study of 6,002 adolescents from National Health and 

Nutrition Examination Survey (NHANES) reported a strong positive association and 

saturation effect between serum vitamin A and BMD [19]. Vitamin D, another fat-

soluble vitamin, is known to promote bone cell proliferation and regeneration. Daily 

vitamin D intake or sunlight exposure for osteoporosis prevention is supported by 

substantial evidence [31, 32]. Juhász et al. found that vitamin D use was associated with 

higher bone mass and better bone quality in young adults [33]. Falbová et al. reported 

that the COVID-19 pandemic period was associated with lower BMD, and vitamin D 

supplementation was an important predictor of bone parameters in women [34]. 

However, a high-quality meta-analysis including 51,145 participants from 33 

randomized trials reported that calcium and/or vitamin D supplementation was not 

associated with fracture risk in older adults [35], challenging conventional beliefs. 

Vitamin E, another antioxidant, can inhibit chronic inflammatory responses and 

oxidative stress, potentially stimulating osteoblast proliferation and bone formation. 

However, this mechanism does not align with a previous study reporting a negative 

association between blood α-tocopherol concentrations and femoral neck BMD in older 

U.S. adults, suggesting adverse effects of α-tocopherol on bone health [36]. In our study, 
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we did not observe any significant association between vitamin E (gamma-tocopherol 

or alpha-tocopherol) and BMD at either site (spine L1-4 and total femur).  

The impact of blood carotenoids on BMD is also debated. A community-based study 

of 1,898 women and 933 men measuring blood β-cryptoxanthin, α-carotene, lycopene, 

and zeaxanthin found dose-response associations between α-carotene, lycopene, and β-

cryptoxanthin with BMD in women after covariate adjustment [37]. Another study in 

postmenopausal Korean women reported that β-carotene intake was positively 

associated with BMD [38]. Sugiura et al. conducted a 4-year prospective study in 

Japanese adults and found that higher baseline serum β-carotene and β-cryptoxanthin 

were associated with less radial BMD loss and a lower risk of incident osteoporosis in 

postmenopausal women [39]. Consistently, our findings showed positive associations 

for total lutein, alpha-carotene, 13-cis-beta-carotene, and all-trans-beta-carotene with 

BMD, but not for zeaxanthin, total lycopene, beta-cryptoxanthin, alpha-tocopherol, 

gamma-tocopherol, or retinol. A previous study reported that in men and 

premenopausal women, serum carotenoids including lutein, lycopene, β-cryptoxanthin, 

and zeaxanthin were not associated with radial BMD, whereas in postmenopausal 

women, serum beta-carotene levels were weakly correlated with radial BMD [40]. The 

reasons for these inconsistent findings remain unclear. Several factors may explain the 

discrepancies. First, heterogeneity may arise from the narrow concentration range 

within which antioxidants exert their physiological effects. Excessively high or low 

circulating levels could lead to adverse outcomes. Second, many previous studies relied 

on dietary intake or oral supplementation, which may not accurately reflect actual 

circulating antioxidant levels. Third, differences in analytical methods or sample 

selection may also contribute to variability. For example, BMI is well-known to be 

positively correlated with BMD and negatively correlated with serum carotenoid 

concentrations [41]. Although we adjusted for demographic and lifestyle factors, the 

associations between blood antioxidants and BMD remained significant. However, 

these relationships largely disappeared after further adjusting for BMI, suggesting that 

BMI may be the primary driver of the observed associations. Therefore, more 

multicenter clinical and basic research is needed to address these limitations. 
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To our knowledge, this is the first study to investigate the relationship between ten 

common fat-soluble circulating antioxidants and BMD in the lumbar spine and femur 

in an adult population. Our findings indicate that only blood carotenoids, specifically 

total lutein, alpha-carotene, 13-cis-beta-carotene, and all-trans-beta-carotene, were 

significantly associated with increased BMD. These associations remained robust after 

adjusting for demographic and lifestyle factors, offering a potential explanation for 

previous controversies. Several limitations should be acknowledged. First, the cross-

sectional design precludes causal inferences. Second, although we adjusted for 

demographic and lifestyle factors, residual confounding from unmeasured variables 

such as disease history (cardiovascular and metabolic diseases), drug use (hormones 

and biologics) and others cannot be excluded. Third, only 398 participants had complete 

data, which may introduce selection bias. This study including antioxidants in 398 

individuals explored coexposure patterns but required careful statistical control, 

although multicollinearity was excluded. Fourth, the study population was limited to 

US adults, limiting generalizability. Finally, the significant attenuation of associations 

after BMI adjustment suggests that BMI may be a key confounder, warranting further 

investigation in larger, prospective multicenter studies. 

 

Conclusions 

We found that blood carotenoids, including total lutein, alpha-carotene, 13-cis-beta-

carotene, and all-trans-beta-carotene, were positively associated with BMD in the 

lumbar spine and femur. However, these associations disappeared after further 

adjustment for BMI, suggesting that BMI may be the primary driver of the observed 

relationship. Large-scale prospective studies are needed to confirm these findings. 

 

Ethics approval and consent to participate 

This study was conducted in accordance with the Declaration of Helsinki. Approval 

was obtained from the institutional review boards at the three sites of the MIDUS II 

Biomarker Project, and all participants provided written informed consent. 
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Figure 1. Flow chart of participant selection in this study. 

 

Figure 2. Univariate correlation curves showing associations between circulating 

antioxidant concentrations and BMD in the lumbar spine (L1–L4) and total femur. 
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