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Purpose: Hypoestrogenism triggers increased production of inflammatory mediators, which contribute to bone loss during post-
menopausal osteoporosis. This study aimed to investigate the association between circulating inflammatory markers and bone 
outcomes in postmenopausal women.
Materials and methods: We conducted a cross-sectional, secondary analysis of baseline data from participants who completed a 12- 
month randomized controlled trial, The Prune Study (NCT02822378), which included healthy postmenopausal women (n=183, 55–75 
years old) with bone mineral density (BMD) T-score between 0.0 and –3.0 at any site. BMD was measured using dual-energy X-ray 
absorptiometry, and bone geometry and strength were measured using peripheral quantitative computed tomography. Blood was 
collected at baseline to measure (1) serum biomarkers of bone turnover, including procollagen type 1 N-terminal propeptide (P1NP) 
and C-terminal telopeptide and (2) inflammatory markers, including serum high-sensitivity C-reactive protein (hs-CRP) and plasma 
pro-inflammatory cytokines, tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, and monocyte chemoattractant protein 
(MCP)-1, using enzyme-linked immunosorbent assay. The associations between bone and inflammatory outcomes at baseline were 
analyzed using correlation and regression analyses.
Results: Serum hs-CRP negatively correlated with P1NP (r=–0.197, p=0.042). Plasma IL-1β, IL-6, IL-8, and TNF-α negatively correlated 
with trabecular bone score at the lumbar spine (all p<0.05). In normal-weight women, plasma IL-1β, IL-6, and IL-8 negatively correlated 
(p<0.05) with trabecular and cortical bone area, content, and density at various sites in the tibia and radius. Serum hs-CRP positively 
predicted lumbar spine BMD (β=0.078, p=0.028). Plasma IL-6 negatively predicted BMD at the total body (β=–0.131, p=0.027) and lumbar 
spine (β=–0.151, p=0.036), whereas plasma TNF-α negatively predicted total hip BMD (β=–0.114, p=0.028).
Conclusion: At baseline, inflammatory markers were inversely associated with various estimates of bone density, geometry, and 
strength in postmenopausal women. These findings suggest that inflammatory markers may be an important mediator for postmeno-
pausal bone loss.
Keywords: inflammation, pro-inflammatory cytokines, immunity, osteoporosis, menopause

Introduction
Osteoporosis is a progressive, silent disease of the bone characterized by significant reduction in bone mineral density 
(BMD),1 deterioration of bone microarchitecture, and increased risk of fractures.2–4 According to the World Health 
Organization (WHO) classification,5 the global prevalence of osteoporosis and osteopenia are 19.7% and 40.4%, 
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respectively.6 In the United States, among adults aged over 50 years, osteoporosis was almost four times higher in 
women (19.6%) than in men (4.4%)7 and is projected to affect 13.6 million postmenopausal women by 2030.8,9 Between 
2000 and 2011, in American women aged 55 years and older, osteoporotic fractures accounted for more hospitalizations 
(>40%) than breast cancer, stroke, and myocardial infarction combined.10 Hip fractures had the highest incidence for 
hospitalization [602.3 per 100,000 person-years; 95% confidence interval (CI), 600.9 to 603.7]10 and were responsible for 
increased risk for mortality within the first year post fracture in older men and women.11–14 The high prevalence rate, 
mortality, and economic burden8 underscore osteoporosis as a significant public health burden and the need to find 
preventative treatment strategies.15

During the menopausal transition, the rate of bone resorption exceeds that of bone formation, resulting in an 
accelerated transient phase of bone loss, followed by continuous gradual bone loss.16,17 Thus, postmenopausal women 
are at a greater risk for developing osteoporosis, mainly due to decline in the production of estrogen, which is an 
important regulator of bone metabolism.18 Chronic inflammation is an additional contributing factor in the etiology of 
postmenopausal osteoporosis.19–23 Estrogen inhibits the production of pro-inflammatory cytokines, including tumor 
necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, and IL-17, by immune cells.21 Advancing age and hypoestro-
genism after menopause trigger an upregulation of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α and promote the 
formation and activation of osteoclasts,22,24,25 resulting in postmenopausal bone loss. Additionally, obesity is associated 
with an elevation of inflammatory mediators,26 which may secondarily impact bone resorption.27

Several studies have sought to determine whether inflammatory markers are associated with low BMD across the 
menopause transition. In premenopausal women from the Framingham Offspring Study, serum IL-6 and CRP were 
inversely associated with trochanter BMD,28 while a cross-sectional analysis of data from the Study of Women’s Health 
Across the Nation29 demonstrated no association between CRP and BMD in premenopausal women. However, in a 
recent longitudinal analysis of 1431 middle-aged women (aged 42–52 years at study outset) across various stages of the 
menopausal transition,30 increased hs-CRP levels were associated with an increased BMD loss at the femoral neck in 
premenopausal and early perimenopausal women; and in postmenopausal women, increased hs-CRP levels predicted 
BMD loss at both the lumbar spine and femoral neck. Collectively, these epidemiological findings suggest that 
inflammatory mediators are negatively associated with BMD and may be important risk factors for osteoporotic fractures 
in postmenopausal women.

Most observational studies investigating the relationship between inflammation and bone in postmenopausal women 
focus on clinical diagnostic criteria such as fractures and its surrogate marker, areal BMD measured by dual-energy 
X-ray absorptiometry (DXA). However, BMD is a partial measure of bone strength as it only provides two-dimensional 
imaging of bone.31–33 Peripheral quantitative computed tomography (pQCT) and hip structural analysis (HSA) from 
DXA allow for the measurement of bone strength and geometry at various sites within the appendicular skeleton,32–35 

including the radius, tibia, and femur, which are common sites of osteoporotic fractures.36 In observational studies, there 
is limited data on the relationship between inflammatory markers and measures of bone geometry and strength in 
trabecular and cortical bones in postmenopausal women, warranting further investigation to discern the strength of the 
relationship between these bone outcomes.

Thus, the purpose of this cross-sectional study is to explore the relationships between circulating inflammatory 
mediators [hs-CRP, monocyte chemoattractant protein (MCP)-1, IL-1β, IL-6, IL-8, TNF-α)] and various measures of 
bone health, including bone density, geometry, and strength and bone biomarkers, in postmenopausal women. We 
hypothesize that inflammatory mediators will be inversely associated with measures of bone health in postmenopausal 
women, such that elevated cytokines will be related to lower BMD and bone quality outcomes.

Materials and Methods
Participants and Eligibility
The current investigation is a cross-sectional, secondary analysis of baseline data collected within the single-center, 
parallel-arm, 12-month randomized controlled trial (RCT): The Prune Study (Clinical Trial NCT02822378). The parent 
RCT was designed to investigate the effect of a 12-month dietary supplementation of prunes (ie, dried plums) at two 
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doses (50 g/day and 100 g/day) compared to a no-prune control group on BMD, bone geometry, and bone strength in 
postmenopausal women. Detailed study protocols37 and results of the primary endpoints38 have been previously reported. 
Participants were healthy postmenopausal women (aged 55–75 years) and were deemed eligible for the study if they met 
the following inclusion criteria: healthy, as determined by a screening questionnaire and complete metabolic panel; non- 
smoking and ambulatory; BMD values from DXA assessments at the lumbar spine, total hip, and/or femoral neck 
corresponded to T-scores between 0.0 and –3.0; willing to include prunes in their daily diet; and not taking any natural 
dietary supplement containing phenolics, <1 cup/day of blueberries or apples for at least 2 months prior to study entry. 
Exclusion criteria have been previously described in detail.37 Briefly, participants were excluded if they had a history of 
chronic disease and were taking any medications that would interfere with the analysis of study outcomes. A total of 235 
postmenopausal women were randomly allocated for treatment at baseline. However, the current analysis included 
baseline data from only 183 postmenopausal women who completed the 12-month intervention in the parent RCT and 
had complete measurements for both bone and inflammatory outcomes. Participants included in this cross-sectional study 
(n=183) were grouped according to their baseline BMD status as women with normal BMD (n=24), osteopenia (n=126), 
and osteoporosis (n=33).

Recruitment and Screening
Participants were recruited between June 2016 and February 2021 in The Women’s Health and Exercise Laboratory at 
The Pennsylvania State University in University Park, PA, USA, using fliers, e-mail announcements, information 
sessions, and advertisements. Potential participants interested in the study (through call/emails) underwent preliminary 
screening through a telephone interview involving a medical history and lifestyle questionnaire. After passing the 
preliminary telephone screening, women were scheduled for an in-person screening visit. Upon provision of signed, 
written informed consent by the participant, a physical examination and evaluation of medical health history, BMD, and 
results from a fasting blood draw were reviewed to determine eligibility. All study procedures, informed consent, and 
experiments were performed with the approval of the Institutional Review Board of The Pennsylvania State University 
(University Park, PA, USA; STUDY00004252), and the parent RCT was registered at Clinicaltrials.gov (NCT02822378).

Anthropometric Measurements
At screening and baseline visits, height was measured to the nearest 0.1 cm using a calibrated stadiometer, and total body 
weight was measured to the nearest 0.5 kg on a physician’s scale (Seca, Model 770, Hamburg, Germany). Body mass 
index (BMI) (kg/m2) was calculated as total body weight divided by height squared. BMI classification39 was scored as 
follows: normal-weight, 18.5 to <25.0; overweight, 25.0 to <30.0; and obese, 30.0 or higher.

Questionnaires
Demographic, medical, and reproductive histories were evaluated using in-house questionnaires, which included ques-
tions regarding use of medications and menstrual history. Dietary intake of the participants was obtained via dietary recall 
using a 3-day diet diary (one weekend day and two weekdays). Briefly, participants were asked to recall their intake of all 
food and beverages using standard measuring cups/tools. Daily intake of total kilocalories, macronutrients, vitamins, and 
minerals was analyzed based on diet records using Nutritionist Pro software (Axxya Systems, Redmond, WA, USA). 
Physical activity levels of participants were ascertained using a 7-day record of daily purposeful exercise duration and 
mode. A brief validated, calcium assessment tool (BCAT)40 was administered to evaluate the dietary intake of calcium.

Blood Sample Collection
At screening and baseline visits, fasting blood samples (10 mL; after an overnight fast of at least 12 hours) were drawn 
by venipuncture into different blood collection tubes (BD Biosciences, San Jose, CA, USA), depending on the outcomes 
measured, details of which have been previously described in the parent study protocol.37 Briefly, blood samples 
collected in sterile EDTA (K2)-coated blood tubes were centrifuged (Eppendorf 5804 R, Hamburg, Germany) at 
1800×g for 15 minutes at room temperature (20–24°C) to obtain plasma. Blood samples collected in sterile clot 
activator/separator gel-coated blood tubes were allowed to clot for 30 minutes at room temperature and then centrifuged 
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for 15 minutes at 4°C to obtain serum. Plasma and serum samples were aliquoted into 2-mL polyethylene storage tubes 
and frozen at –80°C until analysis.

Inflammatory Marker Measurements
C-reactive protein (CRP, mg/L) in serum was quantified using an Immulite high-sensitivity CRP kit (Siemens Healthcare, 
Munich, Germany) according to manufacturer’s instructions [intra-assay coefficient of variation (CV) of 5.0–6.0% and 
inter-assay CV of 7.3–10%]. The sensitivity of the CRP kit was 0.3 mg/L. Plasma levels of pro-inflammatory cytokines 
and chemokines (MCP-1, IL-1β, IL-6, IL-8, TNF-α, and pg/mL) were measured using the V-PLEX Proinflammatory 
Panel 1 Human Kit and V-PLEX Human MCP-1 kit (MesoScale Diagnostics, LLC, Rockville, MD, USA) as per 
manufacturer’s instructions (intra-assay CVs of 6.6–11.2%, 3.3–4.1%, 3.6–4.5%, 2.7–3.0%, and 2.7–3.4%, respectively, 
for MCP-1, IL-1β, IL-6, IL-8, and TNF-α; inter-assay CVs of 5.0–8.9%, 5.5–7.7%, 5.2–7.3%, 5.0–7.1%, and 6.1–10.1, 
respectively, for MCP-1, IL-1β, IL-6, IL-8, and TNF-α). If a data point fell below the range of detection, half of the lower 
limit of detection was used as the value for data analysis. Each assay was performed in duplicate.

Biomarkers of Bone Turnover
Serum was used to measure several biomarkers of bone turnover and hormones regulating bone metabolism:37 

procollagen type 1 N-terminal propeptide (P1NP; bone formation), C-terminal telopeptide (CTx; bone resorption), 
insulin-like growth factor 1 (IGF-1), and 25-hydroxyvitamin D3 [25(OH)D3] (ng/mL). P1NP was measured using a 
radioimmunoassay (Orion Diagnostica, Oslo, Finland) (intra-assay and inter-assay CVs of 10% each). CTx, IGF-1, and 
vitamin D [25(OH)D3] were measured using an automated chemiluminescent immunoassay (iSYS, Immunodiagnostic 
Systems, United Kingdom) [intra-assay and inter-assay CVs of 3% and 10%, respectively, for CTx; 1.9% and 3.9%, 
respectively, for IGF-1; and 5% and 7.4%, respectively, for 25(OH)D3].

DXA Measurements
At the screening visit, all participants underwent DXA scans on a Hologic QDR4500 system (Hologic, Bedford, MA, 
USA) by an International Society for Clinical Densitometry certified bone densitometry technologist. Body composition 
was assessed using whole-body scans, including measurements of percent body fat, fat mass, lean mass, and fat-free mass 
(laboratory precision of ≤1.1% CV for body composition). Areal BMD (g/cm2) was measured using DXA scans of the 
total body, lumbar spine, and hip region (laboratory precision of <0.8% CV at all three BMD sites). The results from 
DXA scans were expressed as a “T-score” to indicate the standard deviation (SD) of each participant from the young 
adult mean. The WHO classification5 was used to define BMD categories, wherein participants were classified as 
osteopenic if T-scores were below –1.0 but greater than –2.5 at any site; or osteoporotic if T-scores were less than – 
2.5 at any site. The 10-year probability of major osteoporotic fracture or hip fracture was calculated using the trabecular 
bone score-adjusted fracture risk assessment tool (FRAX) (www.shef.ac.uk/FRAX).41,42 Additionally, bone geometry 
and strength from DXA scans at the femur were estimated by HSA.43,44

pQCT Measurements
At the baseline visit, all participants underwent pQCT scans [Stratec XCT3000 (Orthometrix, White Plains, NY, USA)] to 
measure volumetric BMD (mg/cm3) and estimates of bone geometry and strength at two weight-bearing sites of the 
appendicular skeleton: radius and tibia. Measurements were taken along the length of the radius (in the non-dominant 
arm) at the 4%, 33%, and 66% sites and tibia (of the opposite leg) at the 4%, 14%, 38%, and 66% sites from the distal 
endplate. The 4% site of long bones represents the metaphyseal region near the distal endplate of the bone, and the 14%, 
33%, 38%, and 66% sites of long bones represent the diaphyseal regions located in the shaft at the proximal ends of the 
bone. In-depth descriptions of all pQCT variables are outlined in the study protocol of the parent RCT.37 The 
manufacturer’s hydroxyapatite phantom was scanned daily for quality control.
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Statistical Analysis
The distribution of all data was assessed for normality using the Shapiro–Wilk test, and a natural logarithm or square root 
transformation was applied, when necessary. If data transformations were unsuccessful at normalizing the distribution of 
the data, non-parametric tests were used. Differences in the mean levels of serum hs-CRP and plasma pro-inflammatory 
cytokines (MCP-1, IL-1β, IL-6, IL-8, and TNF-α) at baseline among the three groups (normal BMD, osteopenia, and 
osteoporosis) were compared using one-way ANOVA (linear mixed-effect model) or Kruskal–Wallis test, depending on 
data distribution. Multiple comparisons were corrected with the Tukey-Kramer or Dunn’s post-hoc test. Baseline BMI 
was used as a covariate in the linear mixed-effects model. For linear mixed-effects models, model selection was based on 
optimizing fit statistics (evaluated as the lowest Bayesian Information Criterion).

BMI is positively associated with bone density and inflammatory mediators and may thus act as a potential mediator 
of the relationships between inflammatory markers and bone health. To this end, we performed stratification of the study 
population into two sub-groups based on BMI cutoffs for normal-weight and overweight/obesity. Differences in the mean 
levels of serum hs-CRP and plasma pro-inflammatory cytokines at baseline between normal-weight women and women 
with overweight/obesity were compared using independent t-tests or Mann–Whitney U-Tests depending on data 
distribution. Spearman’s rank correlation was used to determine the degree of potential relationships between baseline 
outcomes, including demographic and anthropometric variables, circulating inflammatory markers, and bone health 
outcomes. For all correlations between inflammatory markers and bone health outcomes, two sub-analyses were 
performed in addition to the primary analysis in all women: (1) correlations in normal-weight women and (2) correlations 
in women with overweight/obesity to determine whether the strength or directionality of these correlations differed 
according to the BMI status at baseline.

Multiple linear regression was conducted to determine the contribution of inflammatory markers to BMD at the total 
body, lumbar spine, total hip, and femoral neck in postmenopausal women at baseline. The unadjusted regression models 
included each inflammatory marker as an independent predictor of BMD. In fully adjusted regression models, age, BMI, 
age at menopause, minutes of high-magnitude-loading exercise, and dietary intake of alcohol, fiber, vitamin D, and calcium 
were used as confounding variables, based on previous studies demonstrating a relationship with bone outcomes.16,32,45,46 

In the multiple linear regression model, independent variables that exhibited multicollinearity (as indicated by a variance 
inflation factor greater than 10) were removed from the model. Stepwise selection was used for fully adjusted models, 
which included all inflammatory markers, to determine which variables remained in the final regression model. Statistical 
significance was accepted at P < 0.05 for all outcomes. Descriptive data of baseline characteristics across all three groups 
are reported as mean ± SD. Values in the tables are reported as mean ± SEM, unless stated otherwise. Statistical analyses 
were performed using SAS (Statistical Analysis System, version 9.4, Cary, NC, USA).

Results
Baseline Characteristics of Participants
A total of 638 postmenopausal women were screened through telephone interview, of which 322 women entered in- 
person screening. Of these 322 women, 235 participants entered baseline and 183 completed the 12-month RCT. Detailed 
flow of participants is outlined in the primary paper.38 Baseline characteristics of participants who completed the trial 
(n=183) are summarized in Table 1. The average age was 62.16 ± 4.94 years (range: 55–75 years), and the average age at 
menopause was 50.34 ± 4.88 years (range: 30–61 years). Among the 183 postmenopausal women, 24 (13.1%) had 
normal BMD, 126 (68.9%) had osteopenia, and 33 (18.0%) had osteoporosis at any site (lumbar spine, total hip, or 
femoral neck), defined using the WHO classification.5 The number of years since menopause did not differ significantly 
among the three groups, with an average of 11.72 ± 6.84 years since menopause (range: 1–33 years). The majority of 
women were Caucasian (>98%) and in late postmenopausal stage (80.4%), that is, greater than 8 years since their final 
menstrual period47 (data not shown). Approximately half of the participants had overweight/obesity (n=95, 51.9%). 
Postmenopausal women with osteoporosis had significantly lower height (p=0.049), body weight (p<0.001), BMI 
(p<0.001), fat mass (p<0.001), and lean body mass (p<0.001) compared to women with normal BMD or osteopenia 
(Table 1). Furthermore, BMD at the total body, lumbar spine, total hip, and femoral neck, as well as their corresponding 
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Table 1 Baseline Characteristics of Participants

Characteristics Total 
(n=183)

Normal BMD 
(n=24)

Osteopenia 
(n=126)

Osteoporosis 
(n=33)

P value

Demographics

Age (yr) 62.16±4.94 60.87±4.80 62.27±4.89 62.69±5.22 0.389

Age at menopause (yr) 50.34±4.88 50.77±3.87 50.00±5.20 51.37±4.14 0.571

Time since menopause (yr) 11.72±6.84 10.14±6.44 12.25±7.04 10.85±6.23 0.292

Height (cm) 162.88±5.81 164.78±6.08a 163.00±5.47ab 161.03±6.48b 0.049

Body Mass (kg) 68.19±10.96 76.68±9.85a 68.11±10.81b 62.33±8.23c <0.001

BMI (kg/m2) 25.71±4.10 28.44±4.84a 25.64±4.04b 24.00±2.56bc <0.001

BMI Category

Normal 48.1% 20.8% 47.6% 69.7%

Overweight 36.6% 41.6% 37.3% 30.3%

Obese 15.3% 37.6% 15.1% 0%

Body Composition

Fat Mass (kg) 27.73±7.72 32.31±7.34a 27.77±7.92b 24.26±5.20c <0.001

Lean Mass (kg) 37.18±4.15 40.77±3.80a 37.04±3.96b 35.09±3.47c <0.001

Body Fat (%) 40.75±5.76 42.34±5.45 40.83±6.15 39.31±3.97 0.141

Bone Mineral Density

Total Body BMD (g/cm2) 1.04±0.08 1.14±0.06a 1.05±0.07b 0.98±0.05c <0.001

Total Body T-score –0.7±1.0 0.4±0.7a –0.7±0.9b –1.6±0.7c <0.001

Lumbar Spine BMDd (g/cm2) 0.89±0.09 1.00±0.05a 0.89±0.08b 0.78±0.05c <0.001

Lumbar Spine T-score –1.4±0.8 –0.4±0.5a –1.3±0.7b –2.38±0.5c <0.001

Total Hip BMD (g/cm2) 0.80±0.08 0.91±0.06a 0.80±0.06b 0.73±0.07c <0.001

Total Hip T-score –1.0±0.6 –0.1±0.5a –1.0±0.5b –1.7±0.6c <0.001

Femoral Neck BMD (g/cm2) 0.67±0.08 0.79±0.04a 0.67±0.05b 0.60±0.08c <0.001

Femoral Neck T-score –1.5±0.7 –0.4±0.4a –1.5±0.5b –2.1±0.7c <0.001

Inflammatory Markers

Serum hs-CRP (mg/L) 1.81±1.70 2.02±1.58 1.84±1.78 1.60±1.52 0.856

Plasma MCP-1 (pg/mL) 101.46±24.13 102.95±15.48 100.83±25.67 102.77±23.67 0.863

Plasma IL-1β (pg/mL) 0.07±0.03 0.07±0.04 0.07±0.03 0.07±0.03 0.643

Plasma IL-6 (pg/mL) 0.65±0.24 0.66±0.28 0.66±0.24 0.62±0.23 0.827

Plasma IL-8 (pg/mL) 2.26±0.81 2.40±0.78 2.24±0.82 2.25±0.82 0.506

Plasma TNF-α (pg/mL) 0.90±0.28 0.91±0.26 0.89±0.29 0.90±0.27 0.861

(Continued)
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T-scores, were the lowest in the osteoporosis group (all p<0.001). The mean levels of serum hs-CRP and plasma pro- 
inflammatory cytokines (MCP-1, IL-1β, IL-6, IL-8, and TNF-α) were not significantly different among women with 
normal BMD, osteopenia, or osteoporosis. However, postmenopausal women with overweight/obesity had significantly 
higher levels of hs-CRP (p<0.001), IL-1β (p=0.001), IL-6 (p<0.001), IL-8 (p=0.001), and TNF-α (p=0.001) compared to 
normal-weight women (Supplemental Table 1). In addition, BMD at the lumbar spine, total hip, and femoral neck, as 
well as their corresponding T-scores, were significantly higher in postmenopausal women with overweight/obesity 
compared to normal-weight women (Supplemental Table 1; all p<0.001). Serum hs-CRP and plasma IL-1β, IL-6, IL- 
8, and TNF-α were positively correlated with BMI, body fat percentage, and android fat percentage in all postmenopausal 
women at baseline (Supplemental Table 2). Plasma IL-1β positively correlated with age at menopause (Supplemental 
Table 2; r=0.197, p<0.01).

Correlations Between Circulating Markers of Inflammation and Bone Biomarkers
A significant negative correlation was observed between hs-CRP and bone formation marker P1NP (Table 2; r=–0.197, 
p<0.05) in all postmenopausal women. IGF-1 was negatively correlated with IL-6 in all women (r=–0.186, p<0.05), and 

Table 1 (Continued). 

Characteristics Total 
(n=183)

Normal BMD 
(n=24)

Osteopenia 
(n=126)

Osteoporosis 
(n=33)

P value

Exercise

Weekly Exercise (min) 263.52±198.82 200.29±141.40 268.70±198.11 290.87±231.78 0.272

High magnitude loading exercise (min) 28.70±60.19 18.12±35.10 30.06±64.01 31.33±60.47 0.674

Daily Nutrient Intake

Total energy (kcal) 1766.0±468.9 1818.5±430.2 1758.6±449.2 1811.4±576.8 0.673

Protein (g) 73.90±19.89 74.20±19.69 73.43±19.19 75.54±23.19 0.954

Carbohydrate (g) 199.01±62.17 197.96±65.32 200.83±62.37 192.58±60.45 0.768

Total Fat (g) 73.93±27.91 76.40±22.43 71.61±25.87 81.21±37.69 0.377

Total Dietary Fiber (g) 21.36±10.47 19.68±8.94 21.47±10.22 22.27±12.58 0.560

Notes: Data are presented as mean ± standard deviation or proportion (%). Differences in participant characteristics were assessed across the three groups using one-way 
ANOVA or Kruskal–Wallis test, followed by appropriate post-hoc test (Tukey or Dunn’s), depending on data distribution for each variable. Significant p values are shown in 
bold. a,b,cLabeled means without a common letter significantly differ; dlumbar spine L1-L4 BMD. 
Abbreviations: BMD, bone mineral density; BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; IL, interleukin; MCP, monocyte chemoattractant protein; 
TNF, tumor necrosis factor.

Table 2 Correlation Between Inflammatory Markers and Serum Markers of Bone Biomarkers

CTx (ng/mL) P1NP (ng/mL) IGF-1 (ng/mL) 25(OH)D3 (ng/mL)

hs-CRP (mg/L) Alla –0.041 –0.197* –0.068 –0.059

NWb 0.210 0.028 –0.105 –0.130

O/Oc –0.158 –0.261 –0.134 0.168

MCP-1 (pg/mL) All –0.068 –0.070 –0.060 0.116

NW –0.060 –0.031 –0.162 0.137

O/O –0.073 –0.090 0.025 0.110

(Continued)
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in women with overweight/obesity (r=–0.270, p<0.01). Serum 25-hydroxy vitamin D3 was positively correlated with IL- 
6 in women with overweight/obesity (r=0.240, p<0.05) and with IL-8 in normal-weight women (r=0.232, p<0.05).

Correlations Between Inflammatory Markers and BMD
hs-CRP was positively correlated with BMD at the lumbar spine (r=0.251, p<0.01) and total hip (r=0.247, p<0.05) in all 
postmenopausal women (Table 3). In normal-weight women, BMD at the lumbar spine was negatively correlated with 
plasma IL-1β (r=–0.224, p<0.05) and plasma IL-6 (r=–0.212, p<0.05). In all women, trabecular bone score at the lumbar 
spine was negatively correlated with plasma TNF-α (r=–0.163, p<0.05), IL-1β (r=–0.172, p<0.05), IL-6 (r=–0.219, 
p<0.01), and IL-8 (r=–0.155, p<0.05) (Table 3). In normal-weight women, plasma IL-1β was negatively correlated with 

Table 2 (Continued). 

CTx (ng/mL) P1NP (ng/mL) IGF-1 (ng/mL) 25(OH)D3 (ng/mL)

IL-1β (pg/mL) All –0.089 –0.058 –0.022 –0.016

NW –0.082 –0.072 –0.013 0.034

O/O 0.002 0.021 –0.052 –0.002

IL-6 (pg/mL) All –0.080 –0.070 –0.186* 0.070

NW –0.014 0.003 –0.175 0.009

O/O –0.050 –0.113 –0.270** 0.240*

IL-8 (pg/mL) All –0.112 –0.128 –0.070 0.048

NW –0.031 –0.083 –0.186 0.232*

O/O –0.089 –0.124 –0.040 –0.052

TNF-α (pg/mL) All –0.005 –0.043 –0.059 0.126

NW 0.062 0.087 –0.169 0.184

O/O 0.021 –0.097 –0.016 0.168

Notes: Significant Spearman correlation coefficients in bold. *p<0.05,**p<0.01; aAll = correlation in all participants (n=106 for serum hs- 
CRP, n=183 for plasma cytokines); bNW, normal weight = correlation in subset of participants with normal-weight (BMI: 18.5–24.9 kg/m2) 
(n=52 for serum hs-CRP subset, n=88 for plasma cytokine subset); cO/O, overweight/obese = correlation in subset of participants with 
overweight/obesity (BMI>24.9 kg/m2) (n=54 for serum hs-CRP subset, n=95 for plasma cytokine subset). 
Abbreviations: BMI, body mass index; CTx, C-terminal telopeptide of type 1 collagen; hs-CRP, high-sensitivity C-reactive protein; IL, 
interleukin; MCP, monocyte chemoattractant protein; IGF-1, insulin-like growth factor-1; P1NP, N-terminal propeptide of type I 
procollagen; TNF, tumor necrosis factor; 25(OH)D3, serum 25-hydroxy vitamin D3.

Table 3 Correlation Between Inflammatory Markers and Areal BMD Estimated at Various Sites Using DXA

Total Body BMD 
(g/cm2)

Spined BMD 
(g/cm2)

Femoral Neck 
BMD (g/cm2)

Total Hip BMD 
(g/cm2)

Lumbar 
TBS

hs-CRP (mg/L) Alla 0.116 0.251** 0.173 0.247* –0.089

NWb –0.029 0.178 0.028 0.011 –0.033

O/Oc 0.120 0.173 0.069 0.214 0.009

MCP-1 (pg/mL) All 0.030 –0.012 –0.025 –0.004 –0.018

NW 0.027 –0.020 0.036 –0.039 0.124

O/O 0.043 0.002 –0.054 0.051 –0.136

(Continued)
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cross-sectional moment of inertia and Z-section modulus at the narrow neck (r=–0.234, –0.277, respectively; p<0.05), 
intertrochanteric region (r=–0.319, –0.290, respectively; p<0.01), and femoral shaft (r=–0.266, –0.277, respectively; 
p<0.05) of the femur (Supplemental Table 3). In normal-weight women, plasma IL-6 was negatively correlated with 
cross-sectional area at the intertrochanteric region (r=–0.231, p<0.05) and femoral shaft (r=–0.224, p<0.05) of the femur 
(Supplemental Table 3). In women with overweight/obesity, plasma TNF-α was negatively correlated with cortical 
thickness at the femoral shaft (r=–0.261, p<0.05) and was positively correlated with buckling ratio at the intertrochanteric 
region (r=0.210, p<0.05) and femoral shaft (r=0.278, p<0.01) of the femur (Supplemental Table 3).

Correlations Between Inflammatory Markers and Bone Strength and Geometry
In all women, hs-CRP was positively correlated with total volumetric BMD at the tibia (Table 4; r=0.295, p<0.01) and 
trabecular volumetric BMD at the radius (Table 5; r=0.254, p<0.05) at the 4% metaphyseal sites. In women with 
overweight/obesity, hs-CRP was negatively correlated with total and trabecular bone areas at the 4% metaphyseal tibia 
(Table 4; r=−0.379, r=−0.371, respectively, p<0.01) and with periosteal and endosteal circumferences and polar strength 
strain index at the 33% diaphyseal radius (Table 5; r=−0.362, r=−0.374, r=−0.278, respectively, p<0.05). Significant 
positive correlations were observed between plasma MCP-1 and total and trabecular bone areas at the 4% metaphyseal 
tibia (Table 4; r=0.151, r=0.147, respectively, p<0.05) in all women. However, plasma MCP-1 was negatively correlated 
with cortical volumetric BMD at the 33% diaphyseal radius in all women (Table 5; r=−0.153, p<0.05). In normal-weight 
women, plasma IL-8 was negatively correlated with cortical volumetric BMD at the 14% diaphyseal tibia (Table 4; r= 
−0.226, p<0.05) and at the 33% and 66% diaphyseal radius (Table 5; r=−0.232, r=−0.225, respectively, p<0.05). 
Furthermore, in these normal-weight women, plasma IL-1β and IL-6 were negatively correlated with polar strength 
strain index at the 14% and 38% diaphyseal tibia (Table 4; 14%, r=−0.211, r=−0.245; 38%, r=−0.222, r=−0.240; 
respectively, p<0.05) and the 33% diaphyseal radius (Table 5; r=−0.271, p<0.05; r=−0.330, p<0.01; respectively). In 

Table 3 (Continued). 

Total Body BMD 
(g/cm2)

Spined BMD 
(g/cm2)

Femoral Neck 
BMD (g/cm2)

Total Hip BMD 
(g/cm2)

Lumbar 
TBS

IL-1β (pg/mL) All –0.032 –0.034 0.040 –0.027 –0.172*

NW –0.023 –0.224* –0.101 –0.207 –0.159

O/O –0.104 –0.008 0.004 –0.075 –0.005

IL-6 (pg/mL) All –0.078 0.005 0.031 0.042 –0.219**

NW –0.161 –0.212* –0.163 –0.164 –0.216*

O/O –0.085 0.022 0.002 –0.021 –0.073

IL-8 (pg/mL) All –0.050 –0.028 0.084 0.055 –0.155*

NW –0.088 –0.090 –0.085 –0.189 –0.011

O/O –0.107 –0.100 0.066 0.067 –0.174

TNF-α (pg/mL) All –0.009 0.021 0.098 –0.004 –0.163*

NW 0.001 –0.074 0.036 –0.086 –0.017

O/O –0.110 –0.015 –0.007 –0.159 –0.183

Notes: Significant Spearman correlation coefficients in bold. *p<0.05,**p<0.01; aAll = correlation in all participants (n=106 for serum hs-CRP, n=183 for 
plasma cytokines); bNW, normal weight = correlation in subset of participants with normal-weight (BMI: 18.5–24.9 kg/m2) (n=52 for serum hs-CRP subset, 
n=88 for plasma cytokine subset); cO/O, overweight/obese = correlation in subset of participants with overweight/obesity (BMI>24.9 kg/m2) (n=54 for serum 
hs-CRP subset, n=95 for plasma cytokine subset); dlumbar spine L1-L4 BMD. 
Abbreviations: BMD, bone mineral density; BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; DXA, dual-energy X-ray absorptiometry; IL, 
interleukin; MCP, monocyte chemoattractant protein; TBS, trabecular bone score; TNF, tumor necrosis factor.
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Table 4 Correlation Between Inflammatory Markers and Tibia Bone Strength and Geometry Estimated Using pQCT

Tibia 4%

TA (mm2) TC (mg/mm) TD (mg/cm3) TrA (mm2) TrC (mg/mm) TrD (mg/cm3) TBSI (mg2/mm4) TrBSI (mg2/mm4) CBSI (mg2/mm4)

hs-CRP (mg/L) Alla –0.135 0.176 0.295** –0.133 0.194* 0.325*** 0.257** 0.263** 0.030

NWb 0.005 0.130 0.160 –0.002 0.153 0.182 0.154 0.168 0.000

O/Oc –0.379** 0.004 0.329* –0.371** 0.018 0.348* 0.206 0.172 0.062

MCP-1 (pg/mL) All 0.151* 0.054 –0.084 0.147* 0.046 –0.082 –0.024 –0.024 –0.023

NW 0.203 0.157 –0.020 0.204 0.138 –0.041 0.053 0.051 –0.005

O/O 0.100 –0.036 –0.136 0.084 –0.065 –0.113 –0.077 –0.102 –0.024

IL-1β (pg/mL) All –0.124 0.053 0.152* –0.127 0.036 0.115 0.126 0.091 0.111

NW –0.249* 0.014 0.242 –0.238* 0.025 0.224 0.169 0.128 0.107

O/O –0.034 –0.078 –0.029 –0.049 –0.121 –0.141 –0.069 –0.139 0.080

IL-6 (pg/mL) All –0.093 0.086 0.153* –0.081 0.124 0.177* 0.148* 0.182* 0.006

NW –0.218* 0.005 0.194 –0.212* 0.040 0.208 0.119 0.126 0.000

O/O –0.021 –0.048 –0.011 –0.001 0.019 –0.003 –0.026 0.022 –0.033

IL-8 (pg/mL) All 0.002 0.118 0.114 0.008 0.127 0.113 0.140 0.139 0.032

NW –0.033 0.070 0.103 –0.021 0.123 0.151 0.095 0.139 –0.078

O/O –0.013 0.004 0.038 –0.010 –0.021 –0.033 0.034 –0.023 0.083

TNF-α (pg/mL) All –0.001 0.108 0.117 –0.008 0.101 0.107 0.136 0.121 0.050

NW 0.071 0.202 0.131 0.063 0.214 0.169 0.180 0.198 –0.007

O/O –0.110 –0.175 –0.020 –0.107 –0.175 –0.119 –0.100 –0.159 0.062

Tibia 14%

TA (mm2) TC (mg/mm) TD (mg/cm3) CA (mm2) CC (mg/mm) CD (mg/cm3) PC (mm) EC (mm) PSSI (mm3)

hs-CRP (mg/L) Alla –0.061 0.176 0.155 0.043 0.045 0.019 –0.061 –0.070 0.073

NWb –0.009 0.059 0.023 –0.108 –0.086 0.020 –0.009 0.003 0.012

O/Oc –0.259 0.182 0.269 0.183 0.163 0.053 –0.259 –0.263 0.006
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MCP-1 (pg/mL) All 0.097 0.056 –0.040 0.041 0.009 –0.093 0.097 0.079 0.065

NW 0.173 0.169 –0.021 0.077 0.022 –0.091 0.173 0.130 0.214

O/O 0.032 –0.004 –0.054 0.033 0.002 –0.094 0.032 0.041 –0.059

IL-1β 
(pg/mL)

All –0.089 0.067 0.152* 0.054 0.075 0.117 –0.089 –0.107 0.010

NW –0.280** –0.006 0.265 –0.020 0.004 0.167 –0.280** –0.266* –0.211*

O/O 0.021 0.051 0.046 0.084 0.092 0.070 0.021 –0.031 0.142

IL-6 
(pg/mL)

All –0.052 0.044 0.079 –0.024 –0.019 –0.062 –0.052 –0.031 –0.066

NW –0.210* –0.060 0.138 –0.100 –0.136 –0.138 –0.210* –0.169 –0.245*

O/O –0.030 –0.001 0.033 –0.014 0.018 0.005 –0.030 –0.017 –0.027

IL-8 
(pg/mL)

All 0.089 0.110 0.005 0.034 0.008 –0.101 0.089 0.068 0.100

NW 0.023 0.023 0.017 –0.055 –0.117 –0.226* 0.023 0.033 0.011

O/O 0.050 0.021 –0.021 0.041 0.038 –0.045 0.050 0.023 0.045

TNF-α (pg/mL) All 0.035 0.051 0.016 –0.031 –0.044 –0.095 0.035 0.032 0.022

NW 0.025 0.066 0.033 –0.028 –0.089 –0.186 0.025 0.033 0.028

O/O –0.043 –0.102 –0.034 –0.083 –0.063 –0.018 –0.043 –0.033 –0.102

Tibia 38%

TA (mm2) TC (mg/mm) TD (mg/cm3) CA (mm2) CC (mg/mm) CD (mg/cm3) PC (mm) EC (mm) PSSI (mm3)

hs-CRP (mg/L) Alla –0.128 0.041 0.150 0.033 0.052 0.057 –0.128 –0.155 –0.065

NWb –0.199 –0.120 0.113 –0.078 –0.046 0.074 –0.199 –0.166 –0.180

O/Oc –0.150 0.035 0.193 0.134 0.040 0.058 –0.150 –0.192 –0.100

MCP-1 (pg/mL) All 0.140 0.071 –0.113 0.067 0.054 –0.064 0.140 0.117 0.150*

NW 0.193 0.105 –0.130 0.086 0.086 –0.029 0.193 0.157 0.219

O/O 0.089 0.050 –0.086 0.048 0.042 –0.097 0.089 0.059 0.092

(Continued)
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Table 4 (Continued). 

IL-1β (pg/mL) All –0.043 0.015 0.099 0.018 0.026 0.076 –0.043 –0.059 –0.015

NW –0.243* –0.132 0.176 –0.108 –0.098 0.089 –0.243* –0.205 –0.222*

O/O 0.083 0.087 0.011 0.079 0.093 0.076 0.083 0.031 0.112

IL-6 (pg/mL) All –0.082 –0.066 –0.030 –0.064 –0.060 –0.031 –0.082 0.017 –0.063

NW –0.226* –0.227* –0.040 –0.197 –0.222* –0.155 –0.226* –0.052 –0.240*

O/O –0.057 –0.038 –0.027 –0.040 0.000 0.091 –0.057 0.018 –0.021

IL-8 (pg/mL) All 0.083 0.022 –0.091 0.021 0.028 0.009 0.083 0.144 0.059

NW –0.006 –0.161 –0.136 –0.133 –0.137 –0.136 –0.006 0.102 –0.102

O/O 0.064 0.060 –0.046 0.043 0.091 0.127 0.064 0.126 0.074

TNF-α (pg/mL) All 0.058 –0.013 –0.087 –0.040 –0.025 0.048 0.058 0.119 0.048

NW 0.053 –0.031 –0.044 –0.028 –0.028 –0.060 0.053 0.053 0.012

O/O –0.002 –0.107 –0.164 –0.158 –0.106 0.141 –0.002 0.161 –0.006

Tibia 66%

TA (mm2) TC (mg/mm) TD (mg/cm3) CA (mm2) CC (mg/mm) CD (mg/cm3) PC (mm) EC (mm) PSSI (mm3)

hs-CRP (mg/L) Alla –0.150 0.065 0.207* 0.074 0.058 –0.020 –0.150 –0.180 –0.041

NWb –0.210 –0.008 0.171 0.007 0.017 0.058 –0.210 –0.197 –0.076

O/Oc –0.182 0.039 0.243 0.074 0.050 –0.063 –0.182 –0.230 –0.100

MCP-1 (pg/mL) All 0.113 –0.009 –0.118 –0.017 –0.023 –0.051 0.113 0.133 0.063

NW 0.165 0.085 –0.101 0.056 0.041 –0.042 0.165 0.149 0.137

O/O 0.074 –0.093 –0.124 –0.078 –0.077 –0.057 0.074 0.117 0.007

IL-1β (pg/mL) All –0.070 0.060 0.116 0.063 0.097 0.099 –0.070 –0.087 –0.010

NW –0.253* –0.090 0.183 –0.065 –0.014 0.140 –0.253* –0.215* –0.249*

O/O 0.083 0.108 –0.001 0.110 0.131 0.075 0.083 0.038 0.155
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IL-6 (pg/mL) All –0.092 –0.015 0.039 0.003 0.000 –0.035 –0.092 –0.059 –0.070

NW –0.159 –0.175 –0.027 –0.139 –0.158 –0.100 –0.159 –0.065 –0.194

O/O –0.097 –0.008 0.056 0.017 0.034 0.055 –0.097 –0.068 –0.057

IL-8 (pg/mL) All 0.058 0.069 –0.012 0.064 0.073 –0.020 0.058 0.039 0.043

NW –0.048 –0.104 –0.003 –0.114 –0.107 –0.046 –0.048 –0.010 –0.088

O/O 0.076 0.093 –0.041 0.113 0.141 0.028 0.076 0.048 0.058

TNF-α (pg/mL) All 0.037 0.008 –0.009 0.004 0.036 0.036 0.037 0.026 0.035

NW 0.004 –0.086 –0.011 –0.072 –0.069 –0.038 0.004 –0.011 0.003

O/O 0.035 –0.036 –0.083 –0.042 0.038 0.116 0.035 0.077 –0.008

Notes: Significant Spearman correlation coefficients in bold. *p<0.05,**p<0.01, ***p<0.001; aAll = correlation in all participants (n=106 for serum hs-CRP, n=183 for plasma cytokines); bNW, normal weight = correlation in subset of 
participants with normal-weight (BMI: 18.5–24.9 kg/m2) (n=52 for serum hs-CRP subset, n=88 for plasma cytokine subset); cO/O, overweight/obese = correlation in subset of participants with overweight/obesity (BMI>24.9 kg/m2) (n=54 
for serum hs-CRP subset, n=95 for plasma cytokine subset). 
Abbreviations: BMI, body mass index; CA, cortical area; CBSI, cortical bone strength index; CC, cortical content; CD, cortical density; EC, endosteal circumference; hs-CRP, high-sensitivity C-reactive protein; IL, interleukin; MCP, 
monocyte chemoattractant protein; PC, periosteal circumference; pQCT, peripheral quantitative computed tomography; PSSI, polar strength strain index; TA, total area; TBSI, total bone strength; TC, total content; TD, total density; 
TNF, tumor necrosis factor; TrA, trabecular area; TrBSI, trabecular bone strength index; TrC, trabecular content; TrD, trabecular density.
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Table 5 Correlation Between Inflammatory Markers and Radius Bone Strength and Geometry Estimated Using pQCT

Radius 4%

TA (mm2) TC (mg/mm) TD (mg/cm3) TrA (mm2) TrC (mg/mm) TrD (mg/cm3) TBSI (mg2/mm4) TrBSI (mg2/mm4) CBSI (mg2/mm4)

hs-CRP (mg/L) Alla –0.045 0.118 0.137 –0.044 0.096 0.254* 0.150 0.163 0.021

NWb –0.144 –0.028 0.143 –0.157 –0.105 0.046 0.109 –0.047 0.155

O/Oc –0.119 0.019 0.090 –0.123 0.038 0.282* 0.064 0.127 –0.054

MCP-1 (pg/mL) All 0.087 –0.043 –0.062 0.077 –0.023 –0.070 –0.044 –0.064 –0.028

NW 0.264* 0.052 –0.150 0.246* 0.152 –0.022 –0.060 0.089 –0.116

O/O –0.080 –0.122 0.018 –0.073 –0.160 –0.109 –0.016 –0.188 0.035

IL-1β (pg/mL) All –0.103 0.024 0.086 –0.111 0.016 –0.103 0.050 –0.008 0.066

NW –0.212* 0.082 0.240 –0.218* –0.077 0.198 0.191 0.030 0.116

O/O –0.051 –0.120 –0.066 –0.057 –0.141 –0.224* –0.114 –0.167 0.047

IL-6 (pg/mL) All –0.095 –0.064 0.004 –0.083 –0.026 0.034 –0.038 –0.005 –0.060

NW –0.256* –0.200 0.098 –0.247* –0.173 0.014 –0.030 –0.108 –0.018

O/O –0.050 –0.128 –0.107 –0.032 –0.064 –0.134 –0.139 –0.105 –0.063

IL-8 (pg/mL) All 0.043 0.034 –0.060 0.047 0.089 0.062 –0.025 0.101 –0.071

NW 0.035 –0.060 –0.079 0.065 0.112 0.090 –0.092 0.118 –0.160

O/O 0.015 –0.057 –0.088 0.010 –0.003 –0.084 –0.080 –0.018 –0.031

TNF-α (pg/mL) All 0.038 0.012 –0.062 0.038 0.057 0.003 –0.035 0.054 –0.070

NW 0.107 –0.008 –0.136 0.128 0.169 0.049 –0.110 0.156 –0.209

O/O –0.101 –0.133 –0.023 –0.106 –0.175 –0.164 –0.048 –0.173 0.054

Radius 33%

TA (mm2) TC (mg/mm) TD (mg/cm3) CA (mm2) CC (mg/mm) CD (mg/cm3) PC (mm) EC (mm) PSSI (mm3)

hs-CRP (mg/L) Alla –0.148 –0.004 0.241* 0.002 0.017 0.038 –0.148 –0.238* –0.056

NWb 0.021 –0.031 0.091 –0.032 –0.034 0.044 0.021 –0.038 –0.015

O/Oc –0.362** –0.135 0.311* –0.115 –0.070 0.054 –0.362** –0.374** –0.278*
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MCP-1 (pg/mL) All 0.063 –0.034 –0.083 –0.020 –0.039 –0.153* 0.063 0.086 0.051

NW 0.233 0.109 –0.081 0.100 0.080 –0.124 0.233 0.135 0.206

O/O –0.056 –0.143 –0.079 –0.113 –0.138 –0.171 –0.056 0.044 –0.094

IL-1β (pg/mL) All –0.112 –0.026 0.149* –0.037 –0.018 0.076 –0.112 –0.145 –0.079

NW –0.267* –0.106 0.214 –0.106 –0.105 0.070 –0.267* –0.256* –0.271*

O/O 0.007 0.016 0.034 –0.015 0.027 0.098 0.007 –0.016 0.075

IL-6 (pg/mL) All –0.099 –0.105 0.009 –0.108 –0.101 –0.065 –0.099 –0.051 –0.145

NW –0.206 –0.317** –0.154 –0.305** –0.319** –0.245* –0.206 0.023 –0.330**

O/O –0.052 0.011 0.126 –0.016 0.029 0.142 –0.052 –0.095 –0.061

IL-8 (pg/mL) All 0.020 –0.026 –0.034 –0.031 –0.052 –0.093 0.020 0.047 0.034

NW 0.005 –0.099 –0.097 –0.112 –0.141 –0.232* 0.005 0.068 –0.055

O/O –0.013 –0.046 –0.015 –0.067 –0.063 0.008 –0.013 0.048 0.051

TNF-α (pg/mL) All 0.047 –0.019 –0.074 –0.042 –0.046 –0.071 0.047 0.086 0.013

NW 0.049 –0.061 –0.110 –0.077 0.049 –0.109 0.049 0.090 –0.007

O/O –0.002 –0.070 –0.097 –0.114 –0.080 0.068 –0.002 0.115 –0.032

Radius 66%

TA (mm2) TC (mg/mm) TD (mg/cm3) CA (mm2) CC (mg/mm) CD (mg/cm3) PC (mm) EC (mm) PSSI (mm3)

hs-CRP (mg/L) Alla 0.062 0.196* 0.107 0.191 0.167 –0.038 0.062 –0.044 0.114

NWb 0.350* 0.194 –0.102 0.143 0.107 –0.132 0.350* 0.192 0.241

O/Oc –0.173 0.027 0.144 0.039 0.045 –0.003 –0.173 –0.160 –0.180

MCP-1 (pg/mL) All 0.032 –0.003 –0.031 –0.006 –0.004 –0.004 0.032 0.033 0.047

NW 0.207 0.117 –0.061 0.107 0.071 –0.031 0.207 0.136 0.224

O/O –0.110 –0.077 0.027 –0.088 –0.047 0.043 –0.110 –0.080 –0.102

IL-1β (pg/mL) All –0.076 –0.061 0.013 –0.050 –0.036 –0.003 –0.076 –0.054 –0.094

NW –0.138 –0.089 0.016 –0.101 –0.082 0.018 –0.138 –0.100 –0.215

O/O –0.087 –0.134 –0.045 –0.104 –0.088 –0.024 –0.087 –0.033 –0.101

(Continued)
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Table 5 (Continued). 

IL-6 (pg/mL) All –0.061 –0.099 –0.016 –0.103 –0.101 –0.051 –0.061 –0.023 –0.096

NW 0.004 –0.194 –0.146 –0.211 –0.222* –0.158 0.004 0.061 –0.162

O/O –0.186 –0.143 0.051 –0.142 –0.127 0.062 –0.186 –0.112 –0.191

IL-8 (pg/mL) All –0.045 –0.073 –0.018 –0.062 –0.070 –0.093 –0.045 –0.011 –0.084

NW –0.013 –0.184 –0.175 –0.209 –0.229* –0.225* –0.013 0.107 –0.146

O/O –0.139 –0.079 0.074 –0.046 –0.031 0.009 –0.139 –0.127 –0.181

TNF-α (pg/mL) All –0.072 –0.050 0.009 –0.042 –0.055 –0.112 –0.072 –0.036 –0.080

NW 0.018 –0.018 –0.093 –0.042 0.018 –0.081 0.018 0.079 –0.033

O/O –0.233* –0.212 0.046 –0.182 –0.156 –0.053 –0.233* –0.135 –0.307**

Notes: Significant Spearman correlation coefficients in bold. *p<0.05,**p<0.01; aAll = correlation in all participants (n=106 for serum hs-CRP, n=183 for plasma cytokines); bNW, normal weight = correlation in subset of participants with 
normal-weight (BMI: 18.5–24.9 kg/m2) (n=52 for serum hs-CRP subset, n=88 for plasma cytokine subset); cO/O, overweight/obese = correlation in subset of participants with overweight/obesity (BMI>24.9 kg/m2) (n=54 for serum hs- 
CRP subset, n=95 for plasma cytokine subset). 
Abbreviations: BMI, body mass index; CA, cortical area; CBSI, cortical bone strength index; CC, cortical content; CD, cortical density; EC, endosteal circumference; hs-CRP, high-sensitivity C-reactive protein; IL, interleukin; MCP, 
monocyte chemoattractant protein; PC, periosteal circumference; pQCT, peripheral quantitative computed tomography; PSSI, polar strength strain index; TA, total area; TBSI, total bone strength; TC, total content; TD, total density; 
TNF, tumor necrosis factor; TrA, trabecular area; TrBSI, trabecular bone strength index; TrC, trabecular content; TrD, trabecular density.
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women with overweight/obesity, plasma TNF-α was negatively correlated with total bone area (r=−0.233, p<0.05), 
periosteal circumference (r=−0.233, p<0.05), and polar strength strain index (r=−0.307, p<0.01) at the 66% diaphyseal 
radius (Table 5).

Inflammatory Markers as Predictors of Areal BMD
Plasma IL-6 contributed to 4.52% of the variability in total body BMD (Table 6; β=–0.131, p=0.027). When IL-6, BMI, 
and dietary calcium intake were included in the model, the adjusted R2 was 13.17%. Plasma IL-6 also contributed 3.83% 
of the variability in lumbar spine BMD (Table 6; β=–0.151, p=0.036). In the unadjusted model, hs-CRP predicted lumbar 
spine BMD (Supplemental Table 4; β=0.065, p=0.013), and this effect remained significant in the final reduced model, 
accounting for 4.31% of the variability in lumbar spine BMD (Table 6; β=0.078, p=0.028). MCP-1 contributed to 5.37% 
of the variability in lumbar spine BMD (Table 6; β=0.001, p=0.017). When IL-6, hs-CRP, MCP-1, and BCAT calcium 
score were included in the model, the adjusted R2 was 16.30%. Plasma TNF-α contributed to 3.65% of the variability in 
total hip BMD (Table 6; β=–0.114, p=0.028). When TNF-A, BMI, and dietary calcium intake were included in the 
model, the adjusted R2 was 26.71%.

Table 6 Role of Inflammatory Markers in Predicting Areal BMD at Various Sites

Total Body BMD

β P value Partial R2 (%) Adjusted R2 (%)

IL-6 –0.131 0.027 4.52 13.17

BMI 0.006 0.011 6.20

Dietary Calcium Intake 0.00006 0.024 5.14

Lumbar Spine BMD

β P value Partial R2 (%) Adjusted R2 (%)

IL-6 –0.151 0.036 3.83 16.30

hs-CRP 0.078 0.028 4.31

MCP-1 0.001 0.017 5.37

BCAT Calcium Score 0.001 0.012 6.17

Femoral Neck BMD

β P value Partial R2 (%) Adjusted R2 (%)

Age –0.004 0.002 8.22 16.66

BMI 0.007 0.001 10.09

Total Hip BMD

β P value Partial R2 (%) Adjusted R2 (%)

TNF-α –0.114 0.028 3.65 26.71

BMI 0.012 <0.0001 19.74

Dietary Calcium Intake 0.00005 0.008 5.53

Notes: Data shown are from reduced multiple linear regression models for each outcome with only 
significant predictors included determined by stepwise selection method (n=183). The unadjusted and full 
adjusted models are shown in Supplemental Table 4. 
Abbreviations: BMD, bone mineral density; BMI; body mass index; BCAT, brief calcium assessment tool; 
hs-CRP, high-sensitivity C-reactive protein; IL, interleukin; MCP, monocyte chemoattractant protein; TNF, 
tumor necrosis factor.
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Discussion
In this cross-sectional study, we explored the relationship between inflammatory mediators and several measures of bone 
health in postmenopausal women. We demonstrate that serum hs-CRP levels negatively correlated with bone formation 
marker P1NP and showed a modest positive correlation with BMD at the lumbar spine and total hip. Plasma IL-6 and 
IL-1β negatively correlated with lumbar spine BMD in normal-weight postmenopausal women. At the lumbar spine, 
trabecular bone score negatively correlated with plasma IL-1β, IL-6, IL-8, and TNF-α. ln agreement with previous 
findings,48–50 we also demonstrate that circulating levels of hs-CRP, IL-1β, IL-6, IL-8, and TNF-α positively correlated 
with BMI and body fat percentage and were significantly higher in postmenopausal women with overweight/obesity. 
Furthermore, plasma IL-6 negatively predicted BMD at the total body and lumbar spine, whereas plasma TNF-α 
negatively predicted total hip BMD.

Several epidemiological studies demonstrate a positive association between markers of chronic inflammation and risk 
of osteoporotic fractures. In a 15-year prospective cohort study of 919 men and women aged 40–94 years,51 the risk of 
non-traumatic fractures was greater among subjects in the highest hs-CRP tertile group compared to the lowest hs-CRP 
tertile group. This association was also observed in a cohort of 444 elderly women (aged 71.2–82.3 years), wherein 
fracture risk increased 24–32% for each standard deviation increase in hs-CRP.52 Furthermore, older men and post-
menopausal women with high levels of three or more inflammatory markers have an approximately 3-fold increased risk 
of fracture compared to individuals with low to moderate levels of inflammatory markers.53,54 Postmenopausal women in 
the highest inflammatory marker quartile have a greater risk of incident hip fractures compared to those in the lower 
quartiles,55 and this association is partly mediated by low BMD.56 Several cross-sectional studies demonstrate that 
postmenopausal women with osteopenia and/or osteoporosis have significantly higher CRP levels than women with 
normal BMD,57–60 while others49 report that postmenopausal women with osteoporosis have the lowest CRP levels 
compared to postmenopausal women with osteopenia or normal BMD, possibly because osteoporotic women have a 
lower body weight than women with osteopenia or normal BMD. In our study, we found that hs-CRP levels did not differ 
in postmenopausal women with osteoporosis, osteopenia, or normal BMD, despite women with osteoporosis having 
lower body mass in our study.

Pro-inflammatory cytokines including IL-1, IL-6, and TNF-α are implicated in the pathogenesis of postmenopausal 
bone loss.20,21 Previous observational studies investigating differences in circulating pro-inflammatory cytokines in 
postmenopausal women with normal BMD, osteopenia, and/or osteoporosis have yielded inconsistent results. While 
some studies61–64 report that postmenopausal women with osteoporosis exhibit significantly higher serum IL-1β, IL-6, 
IL-8, and TNF-α as well as ratios of IL-1α/IL-1 receptor agonist compared to those without osteoporosis, other 
studies49,65–68 demonstrate null findings. In our study, we also observed no differences in baseline concentrations of 
MCP-1, IL-1β, IL-6, IL-8, and TNF-α among our postmenopausal women with normal BMD, osteopenia, and osteo-
porosis. This may be because concentrations of pro-inflammatory cytokines in peripheral blood vary due to patient- 
related factors, such as BMI, circadian rhythm, dietary patterns, physical activity, and immune response to infections, as 
well as pre-analytical factors, including the half-life of cytokines and low blood concentrations.69,70 Postmenopausal 
women with low BMD71 or rheumatoid arthritis72 have significantly higher secretion of TNF-α, IL-6, IL-12, and IL-17 
from mitogen-stimulated peripheral blood mononuclear cells (PBMCs) compared to their respective healthy controls. 
These results suggest that ex vivo cytokine profiles from mitogen-stimulated PBMCs might be more discriminatory than 
plasma cytokines in the context of bone loss.67,73

Inflammatory cytokines stimulate osteoclast activity and inhibit osteoblast activity;74 thus, several studies have 
evaluated whether biomarkers of bone turnover correlate with inflammatory markers. In postmenopausal women, CRP 
and P1NP are negatively correlated,49 and this association was also observed in our cohort, suggesting potentially 
reduced osteoblast activity concurrent with an elevated CRP. Ilesanmi-Oyelere et al49 found no correlation between CRP 
and CTx, when controlling for age and height in postmenopausal women. Pasco et al52 also found no significant 
correlation between CRP and CTx or bone-specific alkaline phosphatase in a cohort of elderly women. The lack of 
correlation between hs-CRP and CTx was corroborated in our study. However, we noted an inverse correlation between 
plasma IL-6 and plasma IGF-1, which is an important mediator of bone growth. Others have shown that plasma IL-6, IL- 
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12p70, interferon (IFN)-α2, and IFN-γ negatively correlate with P1NP and/or CTx in age-adjusted partial correlations.49 

In a cohort of 100 obese postmenopausal women with osteoporosis, serum IL-1β and TNF-α positively correlated with 
N-terminal telopeptide, another bone resorption marker.63 In our study, we noted no significant correlations between 
plasma cytokines and bone turnover markers P1NP and CTx. Discrepancies in these findings might be related to the high 
variability in the measurement of inflammatory and bone turnover markers or the effect of potential confounding factors 
such as age, sex, BMI, diet, and physical activity on their associations.75 Furthermore, a longitudinal analysis of samples 
might provide a more comprehensive understanding of the kinetics of these biomarkers of inflammation and bone 
turnover in postmenopausal women.

Evidence of associations between BMD and inflammatory mediators in postmenopausal women is inconsistent. Some 
studies demonstrate that high CRP levels are associated with osteoporosis risk,57,60 whereas others show that CRP was 
not significantly associated with BMD at various sites, after adjusting for covariates.49,76–78 We noted that hs-CRP 
positively correlated with BMD at the spine and hip in our entire cohort of postmenopausal women. However, this 
association was not statistically significant in either normal-weight or overweight/obese women. Furthermore, we 
observed a positive correlation between hs-CRP and BMI (Supplemental Table 2; r=0.442, p<0.0001), thus suggesting 
that BMI might partially mediate the relationship between hs-CRP and BMD at the spine and hip in postmenopausal 
women. Among cytokines, a previous study79 demonstrates that serum IL-6 is negatively correlated with BMD at the hip 
and forearm in 24 healthy women (aged 44–54 years). In addition, in older postmenopausal women aged 63.2 (±4.6) 
years, plasma IL-6 and IL-1β showed inverse correlations with BMD at the hip and spine, respectively, after controlling 
for age, height, and BMI.49 In our study, we observed no significant inverse correlations between plasma cytokines and 
BMD, which is consistent with previous findings.67 The lack of correlation between these inflammatory cytokines and 
BMD in our study might be partly attributed to their measurement at a single time point. BMD measurements across 
multiple time points provide a more relevant measure of bone loss over time, which might be more likely linked to 
changes in cytokine levels.28 Trabecular bone score is an indirect index of microarchitecture within the trabecular bone,80 

which is rapidly lost within the first 4–8 years of menopause.81 In our entire cohort of postmenopausal women, trabecular 
bone score at the lumbar spine was negatively correlated with TNF-α, IL-1β, IL-6, and IL-8, suggesting a potential link 
between inflammation and trabecular bone loss with the onset of menopause.

In our adjusted regression analyses, hs-CRP positively predicted BMD at the lumbar spine and total hip, although the 
magnitude of its effect was small and was lost at the total hip after adjusting for BMI. Consistent with our finding, 
Sponholtz et al28 also found that CRP positively contributed to BMD at the femoral neck in postmenopausal women who 
received menopause hormonal therapy, which has been previously shown to be associated with elevated CRP levels.82,83 

In our study, over 70% of postmenopausal women report no previous use of hormone therapy (data not shown), and 
therefore, it is likely that the modest positive association observed between BMD and CRP is confounded by other 
variables, as we noted that adjusting for BMI resulted in a non-significant effect. However, 1- to 3-year prospective 
studies in postmenopausal women84,85 report CRP as a significant predictor of decline in total body BMD, suggesting 
that the effect of systemic inflammatory markers such as CRP on bone loss over time might be better captured within a 
longitudinal investigation.

Among studies investigating the associations between BMD and cytokines, Gertz et al85 demonstrate that serum 
TNF-α positively predicted 1-year percent change in hip BMD, whereas serum IL-1β negatively predicted BMD at the 
same site in postmenopausal women. Although our study was cross-sectional, we noted that IL-6 and TNF-α emerged as 
significant negative predictors of BMD at the total body and lumbar spine and at the total hip, respectively. While Gertz 
et al85 enrolled healthy, normal-weight, non-osteoporotic women in their early postmenopausal years, our study popula-
tion included older, overweight women in their late postmenopausal years, and a majority of women (>85%) had 
osteopenia/osteoporosis, which might partly explain the differences in the strength of the associations observed in our 
study. We also noted that BMI positively predicted BMD at all three sites (total body, femoral neck, and total hip), and 
TNF-α and IL-6 remained as negative predictors for BMD after adjusting for BMI, suggesting a strong inverse 
association between these pro-inflammatory mediators and bone outcomes when controlling for confounders. In a 
longitudinal study of older men and women,84 baseline levels of serum TNF-α and IL-6 predicted 3-year decline in 
BMD at the total body, hip, and/or lumbar spine. Furthermore, serum IL-6 significantly predicted a 3-year decline in 
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BMD at the total hip in postmenopausal women within 10 years since menopause but not in women more than 10 years 
since menopause,86 suggesting that the effect of cytokines on bone loss may be more relevant throughout the first 
postmenopausal decade. The pleiotropic nature of cytokines may partly explain differences in their relationship to BMD 
in these studies, as they may exert either osteoclastogenic or anti-osteoclastogenic effects depending on their interactions 
within the bone microenvironment.87

Aging and menopause are associated with deterioration of trabecular and cortical bone microarchitecture, and about 
80% of all osteoporotic fractures are appendicular.88–90 Although bone loss occurs more rapidly in trabecular bone than 
cortical bone within the first 4–8 years of menopause,81 a majority of bone loss originates in the cortical region, which 
comprises 80% of the adult skeleton and is an important predictor of bone strength in appendicular sites.88 Evidence on 
the association between circulating inflammatory markers and measures of bone strength and geometry in trabecular and 
cortical bone in postmenopausal women is limited. Two studies report no significant associations between CRP77 and 
pro-inflammatory cytokines85 with volumetric BMD at the distal tibia in healthy postmenopausal women with normal 
BMD. However, in a large population-based study91 of 435 overweight postmenopausal women with normal BMD, 
serum IL-6 and IL-1β negatively correlated with cortical cross-sectional area and cortical volumetric BMD, respectively, 
in the distal tibia. While these earlier findings are limited to pQCT measurements at only the distal tibia, our study 
included measurements at both proximal and distal sites of the tibia as well as the radius, which is another common site 
of osteoporotic fractures.36,92 Consistent with findings from the population-based study, we noted significant inverse 
correlations between pro-inflammatory cytokines and several indices of bone strength and geometry at the cortical and 
trabecular bone from pQCT and at the proximal femur from HSA-derived measurements, suggesting that these 
inflammatory mediators might impact bone strength in addition to bone density in postmenopausal women.

The link between obesity and bone is complex. The protective effect of obesity on bone is thought to be attributed to 
elevated mechanical loading and increased estrogen production from adipose tissue,27,93 which is also an important 
source of pro-inflammatory cytokines.26 We and others48,49 demonstrate that these pro-inflammatory cytokines positively 
correlated with BMI and body fat in postmenopausal women. In addition, compared to the normal-weight group, 
postmenopausal women with overweight/obesity not only exhibited higher levels of plasma proinflammatory cytokines 
but also showed inverse correlations between cytokines and several measures of bone quality and strength. In particular, 
buckling ratio, which is a predictor of incident hip fractures in postmenopausal women,34 positively correlated with 
plasma TNF-α, suggesting that elevated inflammation associated with obesity might have negative impacts on bone 
health.94 However, in normal-weight postmenopausal women, several estimates of volumetric BMD, geometry, and 
strength negatively correlated with IL-1β, IL-8, and IL-6. These findings suggest that BMI may mediate the associations 
between inflammatory markers and bone density and strength in postmenopausal women.

A major strength of our cross-sectional investigation is the assessment of the associations between inflammatory 
mediators and bone health across various estimates of bone strength and geometry in several sites within the hip and 
appendicular skeleton, in addition to bone density and bone turnover markers. Biomarkers of inflammation, including 
acute-phase proteins such as hs-CRP, activated monocytes and lymphocytes, cytokines, chemokines, and their derived 
immune–inflammatory indices are not only linked to acute95 and chronic infection96 but are also involved in the etiology 
of chronic disease, including cardiovascular disease, cancer, type 2 diabetes97 and related complications such as diabetic 
nephropathy98 and thyroiditis.99 Inflammation also contributes to chronic bone diseases, such as rheumatoid arthritis and 
osteoporosis.100,101 Thus, the reported inverse correlation between inflammatory markers and bone outcomes was not 
surprising. However, the findings reported in this study provide insight as to which bone outcomes are most influenced by 
specific inflammatory cytokines. Limitations of the study include the disproportionate sample sizes among the three 
groups according to baseline BMD status, with the least number of women in the normal BMD group, which might have 
reduced the statistical power to detect between-group differences. A majority of the postmenopausal women in our study 
were Caucasian, thereby limiting the generalizability of our findings. Another limitation includes the measurement of 
inflammatory markers only in the plasma and/or serum, which mostly occur in low concentrations due to their short half- 
lives and are subject to high inter-person and analytical variability. Thus, circulating levels of these inflammatory 
mediators may not reflect the local effects of inflammation within the bone microenvironment. Furthermore, while 
cytokines are broadly classified as “pro-inflammatory” and “anti-inflammatory” they exhibit pleiotropic effects and may 
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possess pro-osteoclastic or anti-osteoclastic properties depending on crosstalk within the bone milieu,102 which was not 
captured within this study. Our findings suggest that plasma profiles of pro-inflammatory cytokines or a combination of 
inflammatory markers may serve as a biomarker for identifying postmenopausal women at risk for osteopenia or 
osteoporosis; however, additional studies are needed to confirm these findings. Finally, the cross-sectional nature of 
this study precludes any inferences about whether these inflammatory mediators are causally related to bone health in 
postmenopausal women.

Conclusion
Overall, findings from our cross-sectional analysis suggest a potential inverse association between inflammatory 
mediators and bone health outcomes in our population of postmenopausal women. Future research is warranted in 
large-scale longitudinal investigations to determine the utility of circulating markers of inflammation as potential risk 
factors for osteoporosis across the menopause transition, results of which might provide a rationale for studies assessing 
anti-inflammatory interventions to prevent bone loss and fracture risk in postmenopausal women.
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