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Context: Chronic inflammation may increase the risk of fracture, and omega-3 polyunsaturated
fatty acids (PUFAs) may reduce fracture risk via down-regulation of inflammatory cytokine gene
expression and other mechanisms.

Objective: We investigated associations between baseline samples of inflammatory markers, TNF�

soluble receptors 1 and 2 (TNF�-sR1 and -sR2), and incident hip fracture. These associations were
then tested for effect modification by dietary PUFA intake estimated by a baseline food frequency
questionnaire.

Design and Setting: A nested case-control study was conducted among participants of the Wom-
en’s Health Initiative Observational Study (ages, 50–79 y). Multivariable conditional logistic re-
gression models were constructed to account for the paired design.

Participants: This study sampled 400 pairs of hip fracture cases and controls without incident hip
fracture, matched on age, year of enrollment, and menopausal hormone use.

Main Outcome Measures: Odds ratio of hip fracture by quartile of TNF soluble receptors.

Results: The odds ratio of hip fracture comparing the highest to lowest quartiles was 2.24 (95%
confidence interval, 1.05–4.79; P for linear trend, .048) for TNF�-sR1 and 2.83 (95% confidence
interval, 1.34–5.99; P for linear trend, .011) for TNF�-sR2, adjusted for FRAX hip fracture score,
nutritional variables, and selected factors impacting inflammation; there was a gradient of risk by
increasing quartile in TNF�-sR1. PUFA intake did not modify these associations.

Conclusions: Women with the highest levels of TNF�-sR1 and TNF�-sR2 had a greater than 2-fold
increased hip fracture risk, independent of other fracture risk factors. These associations did not
differ by high vs low PUFA intake. (J Clin Endocrinol Metab 100: 3380–3387, 2015)

Hip fracture constitutes a major public health problem
(1) with annual incidence projected to increase 50%

to approximately 450 000 fractures by 2025 in the United

States (2). The annual direct cost of hip fracture, $12 bil-
lion in 2005, is estimated to increase 49% by 2025. De-
clines in functional status after hip fracture include dis-
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abilities in walking, transferring, and grooming (3).
Excess mortality is higher, not only within the first year,
and persists more than 2-fold higher up to 10 years after
the index fracture (4, 5).

Chronic low-grade systemic inflammation may con-
tribute to the pathogenesis of osteoporosis, a major risk
factor for hip fracture. TNF� is an inflammatory cytokine
that stimulates osteoclastogenesis in vivo via increasing
responsiveness to receptor activator of nuclear factor-�B
ligand (6, 7). TNF� also induces vascular endothelium to
increase adhesion and transmigration of preosteoclasts,
thereby recruiting the latter cells to sites of inflammation
(8). Higher quartiles of baseline TNF� levels were asso-
ciated with increased incidence of total fracture in a cohort
study enrolling 70- to 79-year-old women and men, but
this did not reach statistical significance in adjusted mod-
els (9). Levels of serum TNF�, as a biomarker for fracture,
may be limited by its relatively short half-life and large
variability within the population (10). TNF� soluble re-
ceptors 1 and 2 (TNF�-sR1 and TNF�-sR2) have been
identified in human serum, are shed along with TNF�, and
offer a more stable measure of long-term exposure to
TNF� (11, 12). TNF soluble receptors may function as a
TNF� antagonist by binding the cytokine, thus reducing
inflammation; however, soluble receptors may also pre-
serve the bioactive trimeric form of TNF� and potentially
serve as a reservoir for TNF� as the latter dissociates from
the receptor-ligand complex. Recently, TNF�-sR1 and
TNF�-sR2 have been associated with increased risk of
total fracture and hip fracture in observational studies (9,
13, 14).

Dietary intake of certain fatty acids has also been as-
sociated with hip fracture risk in large epidemiological
studies (15, 16). Higher saturated and lower monounsat-
urated fatty acid intakes as measured by a baseline food
frequency questionnaire (FFQ) were associated with
higher incident hip fracture risk in a previous analysis of
Women’s Health Initiative (WHI) data (15). In a Framing-
ham Study cohort of older adults, higher consumption of
specific omega-3 (n-3) and omega-6 (n-6) polyunsaturated
fatty acids (PUFAs) was associated with reduced hip frac-
ture risk (16). Similarly, higher red blood cell (RBC) levels
of total n-3 PUFA, specific n-3 PUFAs (�-linoleic acid
[ALA] and eicosapentaenoic acid [EPA]), and a lower n-6/
n-3 ratio were each associated with lower incident hip
fracture risk in a nested case-control study within the WHI
(17). The n-3 and n-6 PUFAs are particularly interesting in
relation to bone metabolism because of their ability to
modulate inflammatory processes. Peripheral mononu-
clear cell cultures supplemented with EPA and docosa-
hexaenoic acid (DHA) decreased production of TNF� and
IL-6 (18). The mechanisms by which n-3 PUFAs exert their

effects on bone are not clear but may include modulation
of transcription factors involved in bone turnover (19),
stem cell differentiation (20–22), and calcium absorption
or excretion (23), as well as dampening inflammation.

We therefore examined data from the WHI using a
separate set of cases and controls to confirm the associa-
tion of soluble TNF receptors and incident hip fracture
using a nested case-control design. We then tested whether
dietary fatty acid intakes might modify these associations.

Subjects and Methods

Study population
The WHI enrolled 161 808 women (age, 50–79 y) from

1993–1998 at 40 US clinical centers as previously reported (24).
Within the WHI, the Observational Study (WHI-OS) enrolled
93 676 women (age, 50–79 y) from 1994–1998 at 40 clinical
centers throughout the United States in a prospective cohort to
explore factors affecting morbidity and mortality in women as
they age. The WHI-OS women were eligible if they were post-
menopausal, unlikely to move or die within 3 years, ineligible or
not interested in WHI-Clinical Trials (WHI-CT) participation,
and not currently participating in any other clinical trial. The
Institutional Review Board at each of the participating centers
approved the study, and all participants provided written in-
formed consent.

Selection of cases and controls
The study population was restricted to Caucasian women

who had been part of a previous whole genome association
study. From this group, 400 randomly selected incident cases of
hip fracture and their matched controls were identified for this
nested case-control study. Controls were selected using random
sampling in a 1:1 ratio with cases from the subpopulation of
women who reported no prevalent postmenopausal fractures
(no self-reported fracture at age � 55 y) at baseline and no in-
cident hip fracture through the planned study closeout (March
31, 2005). Individual matching was done by age (�1 y), enroll-
ment date (�1 y), and current menopausal hormone therapy
(HT) use at baseline (exact). Matching by enrollment date served
the dual purpose of matching on length of follow-up and length
of frozen storage for the serum specimens. Exclusion criteria
included prior therapy with a bisphosphonate or other bone-
active medication (calcitonin, raloxifene, tamoxifen, and teripa-
ratide), as well as missing information on hormone use at base-
line (to limit missing data). Postmenopausal prevalent fractures
were excluded in controls due to concerns that some of the path-
ways associated with hip fracture risk might overlap those as-
sociated with risk for total fractures.

Follow-up and fracture ascertainment
Median time to hip fracture was 5.0 years (range, 0.1–9.4 y)

as of March, 2005, and median follow-up time for controls was
8.7 years (range, 3.6–10.5 y). The outcome variable, incident hip
fracture, was self-reported and centrally adjudicated by trained
physicians reviewing medical records including radiology re-
ports as previously described (25). High vs low trauma was not
distinguished.
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Laboratory assessment
Serum TNF�-sR1 and TNF�-sR2 concentrations were mea-

sured from samples obtained at the baseline visit (1993–1998).
Participants were instructed to take all usual medication except
for diabetes medications, abstain from smoking for at least 1
hour, refrain from vigorous physical activity for at least 12 hours,
hold aspirin and nonsteroidal anti-inflammatory drugs
(NSAIDs) for 48 hours, and fast for 12 hours before study visit.
Phlebotomy was performed in a seated position; samples were
processed locally and stored at �70°C until shipment on dry ice
to a central site (McKesson Bioservices, Rockville, MD), where
they were maintained at �80°C for long-term storage until assay
(26). Measurement of serum TNF�-sR1 and TNF�-sR2 concen-
trations was performed at the University of Vermont in duplicate
using ELISA (R&D Systems). Detectable limits for TNF�-sR1
using a DRT100 kit and TNF�-sR2 using a DRT200 kit were 3
and 1 pg/mL, respectively. Interassay coefficients of variation
were 6.7–10% and 5.6–6.2%, respectively. Laboratory person-
nel were blinded to case-control status.

Covariate assessment
Covariates were obtained from screening questionnaires and

interviews at the baseline enrollment, including data on demo-
graphics, medical history, medications, and lifestyle factors, in-
cluding predictors of hip fractures based on Robbins et al (27).
The 10-year absolute risk of hip fracture without bone mineral
density was estimated by FRAX score, version 3.0 (28). Factors
that impact systemic inflammation were also collected, including
NSAID use, history of arthritis, depressive symptoms, body mass
index (kilograms/meter2) calculated from measured height and
weight, self-reported general health, comorbidity index, slow-
ness/weakness, poor endurance/exhaustion, and physical activ-
ity. A modified Charlson comorbidity index (range, 0–15) was
used based on the study of Gold et al (29). We adjusted for frailty,
using 3 components of the WHI frailty index per Woods et al
(30): slowness/weakness (using Rand SF-36 Physical Function
Scale; range, 0–100), poor endurance/exhaustion (Rand SF-36
Vitality Scale: range, 0–100), and usual physical activity level
(metabolic equivalent hours per week [MET-h/wk]). Cut-points
based on previously described lowest quartiles were used for the
Physical Function Scale, Vitality Scale, and physical activity to
indicate frailty: �75, �55, and � 3, respectively (30). Lower
values for this modified frailty index indicate greater frailty.

Nutritional variables were assessed by semiquantitative FFQ
at the baseline visit. The FFQ contained 122 questions on food
items/groups, 19 questions to determine fat intake more pre-
cisely, and four summary questions assessing usual intake of
fruits, vegetables, and added fats (31). The University of Min-
nesota’s Nutrition Coordinating Center database (version 30;
Minnesota Nutrition Data System for Research) was used to
derive nutrient intakes (32). We extracted data on intake of cal-
cium (diet and supplement), vitamin D (diet and supplement),
total calories, and major food categories of carbohydrate, pro-
tein, and fat. Fat intake was further divided into saturated,
monounsaturated, and polyunsaturated fats. Using a nutrient
density approach, individual nutrients were expressed as per-
centages of total kilocalorie intake (% kcal).

Candidate effect modifiers were those dietary fatty acid com-
ponents showing an association with TNF� receptors. Plant-
based (ALA) vs marine-derived (EPA � DHA) n-3 PUFAs were
assessed separately because these had separate effects on incident

total fracture risk (15). Only total n-6 PUFA was assessed be-
cause the vast majority of n-6 is consumed in the form of linoleic
acid (LA). Dietary fatty acids correlated with TNF receptors
were individually added to the model to assess for the presence
of effect modification.

Statistical analysis
Baseline subject characteristics and dietary intake were com-

pared between cases and controls by McNemar’s test for cate-
gorical variables and by paired t-tests and Wilcoxon signed-rank
test for continuous variables, respectively. Multivariable statis-
tical models were constructed using conditional logistic regres-
sion, accounting for paired design. TNF�-sR1 and TNF�-sR2
values were categorized by quartiles, with cut-points based on
the distribution of values within controls, who better represent
the distributions of these exposures within the general popula-
tion from which cases derive. Odds ratios (ORs) with 95% con-
fidence intervals (CIs) for hip fracture were estimated by incre-
mental quartile of TNF� receptor vs quartile 1 as the referent
group. Fracture risk by FRAX score (28) was added to the base
model (TNF� receptor, only), followed by the addition of co-
variate data on nutritional variables and selected factors impact-
ing inflammation. Tests of trend were performed across increas-
ing quartiles of TNF� receptors to assess for a dose-response
relationship with hip fracture. Associations of PUFA intake and
TNF� receptors were assessed using Spearman correlations. Fi-
nally, various dietary fatty acid intakes were added to the fully
adjusted model to assess for the presence of effect modification,
including main effect and interaction terms of TNF� receptor
quartile by fatty acid. The significance level for all analyses was
P � .05.

Results

Subject characteristics and dietary intake
The baseline mean � SD age of subjects was 70 � 6.4

years. All subjects were postmenopausal Caucasian
women (Table 1). One-third (n � 133) of hip fracture
cases reported a personal history of fracture, vs none for
the controls. Cases had higher FRAX scores than controls
and were more likely to report a personal history of frac-
ture, current corticosteroid use, current cigarette smoking,
and less physical activity, and they were lighter and had
lower body mass index values. Cases had greater indices of
frailty with poorer self-reported general health, greater
comorbidity, poorer physical function, and poorer endur-
ance/exhaustion. The two groups did not differ with re-
spect to parental history of fracture, alcohol use, treated
diabetes, rheumatoid arthritis, depressive symptoms, ar-
thritis, or NSAID use. Likewise, dietary intake did not
differ between cases and controls for calcium, vitamin D,
total calories, carbohydrate, protein, and fat—including
polyunsaturated, total n-6 fatty acids, LA, arachidonic
acid, total n-3 fatty acids, ALA, EPA, and DHA (Table 2).
Cases reported higher saturated and monounsaturated fat
intake compared with controls; but mean differences were
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modest, �1% of kcal, so these variables were not entered
into multivariate models for adjustment.

TNF receptors and hip fracture
Baseline serum TNF�-sR1 concentrations were higher

in cases than controls (P � .0004), as were TNF�-sR2
concentrations (P � .0007) (Table 1). In models for
TNF�-sR1 using Q1 as the referent stratum (OR � 1) and
matched for age, race, year of enrollment, and menopausal
HT (Table 3, model 1), hip fracture ORs for Q2, Q3, and
Q4 were each statistically significant, with the highest risk
in Q4 vs Q1: OR � 2.27 (CI, 1.45–3.55), P � .0003 (Table

3, model 1). For TNF�-sR2, there was an increasing gra-
dient of risk, with OR of hip fracture increasing from 1.41
to 2.10, but the risk was significant only for Q4 vs Q1:
OR � 2.10 (CI, 1.36–3.24), P � .0008 (Table 3, model 1).
A linear trend test showed increasing ORs for hip fracture
with higher quartiles of TNF receptors: each higher quar-
tile of TNF�-sR1 and TNF�-sR2 was associated with
25.7% (P � .0011) and 22.8% (P � .0010) greater risk of
hip fracture, respectively.

After adjustment for hip fracture risk by FRAX score
(Table 3, model 2), TNF soluble receptors remained pre-
dictors of hip fracture, and the ORs generally increased in
magnitude compared to those in model 1. For TNF�-sR1,
the hip fracture OR for Q2, Q3, and Q4 vs Q1 remained
statistically significant, now with an increasing gradient
of risk. For TNF�-sR2, adjustment for FRAX score in-
creased the point estimates of OR for each quartile
above those in the base model to 1.66 –2.76 (9 –31%
increases), and the Q2 vs Q1 comparison became sig-
nificant. Tests of linear trend by quartile of TNF�-sR1
and TNF�-sR2 remained significant (P � .0001 and P �
.0001, respectively).

Effect modification by PUFA
Intake levels of EPA, DHA, and EPA � DHA were each

inversely associated with TNF�-sR1 and TNF�-sR2 (all
P � .001). Spearman correlations of TNF�-sR1 and
TNF�-sR2 with EPA were �0.12 and �0.13; DHA,
�0.13 and �0.14; and EPA � DHA, �0.13 and �0.13,

Table 1. Baseline Characteristics of Hip Fracture Cases
and Controls from the WHI-CT and WHI-OS

Variable

Cases
(Hip
Fracture)

Controls
(No Hip
Fracture) P

White race/ethnicity 400 (100) 400 (100) 1.00
Age at screening,

mean (SD), y
69.8 (6.4) 69.9 (6.4) .67

Personal history of
fracture age �55 ya

113 (33.1) 0 (0) c

Parental history of
fracturea

161 (43.3) 157 (41.5) .71

Current HT use 151 (37.8) 151 (37.8) 1.00
Current corticosteroid

use
13 (3.3) 4 (1.0) .049

Current smoker 35 (8.8) 15 (3.8) .0045
Current alcohol intakea 245 (70.2) 277 (76.5) .10
Current NSAID use 81 (20.3) 73 (18.3) .52
Treated diabetes 34 (8.5) 21 (5.3) .10
Rheumatoid arthritis 27 (6.9) 16 (4.1) .081
Arthritisa 237 (59.8) 207 (52.7) .054
Depressive symptoms

(score)a
0.053 (0.15) 0.043 (0.14) .31

Height, cma 161.8 (6.6) 160.6 (6.3) .0082
Weight, kga 67.3 (14.6) 70.3 (17.4) .0088
Body mass index,

kg/m2a
25.6 (5.0) 27.0 (5.8) .0003

Very good-excellent
general healtha

134 (39.4) 219 (59.2) �.0001

Comorbidity indexa 1.01 (1.15) 0.70 (1.06) .0004
Physical functiona 167 (42.8) 92 (23.6) �.0001
Poor endurance/

exhaustiona
147 (36.9) 90 (22.6) �.0001

Physical activity,
MET/wka

10.9 (10.9) 14.6 (14.6) �.0001

FRAX score (10-y hip
fracture % risk)

7.4 (6.0) 5.3 (5.9) �.0001

TNF�-sR1, pg/mLa,b 1547 (498) 1467 (494) .0004
TNF�-sR2, pg/mLa,b 3243 (927) 3119 (834) .0007

Data are expressed as number (percent) unless specified otherwise.
P values are from paired t-tests and Wilcoxon signed-rank test for
continuous variables or McNemar’s test for dichotomous variables.
a Sample sizes for those variables are between 328 and 399 due to
missing data; sample sizes are 400 otherwise.
b Median and interquartile range.
c This variable could not be tested due to lack of controls with personal
history of fracture.

Table 2. Dietary Intakes of Hip Fracture Cases and
Controls from the WHI-CT and WHI-OS

Dietary Variable

Cases
(Hip
Fracture)

Controls
(No Hip
Fracture) P

Total energy intake, kcal 1488 (680) 1451 (554) .39
Carbohydrate, % kcal 51.8 (9.6) 52.9 (9.5) .15
Protein, % kcal 16.7 (3.4) 16.9 (3.1) .48
Fat, % kcal

Saturated fat 10.6 (3.6) 10.0 (3.5) .02
Monounsaturated fat 11.8 (3.7) 11.2 (3.4) .05
Polyunsaturated fat 6.5 (2.1) 6.3 (2.1) .19

n-6 fatty acid 5.7 (1.9) 5.5 (1.9) .17
LA 5.7 (1.9) 5.5 (1.9) .17
AA 0.05 (0.03) 0.05 (0.02) .34

n-3 fatty acids 0.8 (0.3) 0.8 (0.3) .62
ALA 0.7 (0.3) 0.7 (0.3) .37
EPA � DHA 0.07 (0.06) 0.07 (0.07) .13

Calcium, mg/1000 kcala 849 (575) 906 (539) .15
Vitamin D, �g/1000

kcala
7.2 (6.1) 7.3 (5.7) .92

Abbreviation: AA, arachidonic acid. Hip fracture values for cases and
controls are expressed as % kcal (SD) unless specified otherwise; n �
400 for cases, n � 400 for controls. P values are from paired t-tests for
continuous variables.
a Values are from diet plus supplement intake.
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respectively. ALA, SFA, MUFA, and PUFA did not show
significant associations with either TNF� receptor. Before
investigating effect modification by fatty acid, five nutri-
tional variables and nine select factors impacting inflam-
mation were added to the model (Table 3, model 3; Figure
1). OR reached statistical significance only in the Q4 vs Q1

comparison for both TNF receptors. Tests of linear
trend showed increases of 27.4 and 35.5% with each
higher quartile of TNF�-sR1 and TNF�-sR2, respec-
tively (P � .048 and P � .011, respectively).

EPA, DHA, and EPA � DHA intake levels were then
individually added into the fully adjusted model to assess
for evidence of effect modification. All main effects and
interaction terms were nonsignificant except for total
PUFA � TNF�-sR2 Q2 (P � .02). We doubted the validity
of this apparent statistical interaction because both indi-
vidual terms were nonsignificant and the point estimate in
the model was unrealistically large (48.3), and we con-
cluded that there was a lack of evidence for effect
modification.

Discussion

Data from this prospective nested case-control study
within the WHI show that in postmenopausal Caucasian
women, higher baseline TNF�-sR1 and TNF�-sR2 levels
were associated with greater incident hip fracture risk over
8.7 years of follow-up. The predictive ability of these in-
flammatory biomarkers was independent of the estimated
10-year hip fracture risk by FRAX score, nutritional vari-
ables, and selected factors impacting inflammation and
was not modified by fatty acid intakes. To place the mag-
nitude of risk within a clinical context, we also ran models
testing the association of TNF receptors as a continuous
predictor of hip fracture risk using log base 0.2 of TNF
receptors. In models adjusting for FRAX score, a 20%
greater TNF�-sR1 and TNF�-sR2 is associated with a
greater OR of hip fracture by 27.5% (95% CI, 17.3–47.9;
P � .0001) and 33.0% (95% CI, 14.8–54.2; P � .0002).

Table 3. Multivariable Adjusted OR of Hip Fracture Based on Quartiles of TNF-sR1 and TNFsR2

n Q1a Q2a Q3a Q4a P for Trend

Model 1
TNF�-sR1 396 1 1.77* (1.14, 2.74) 1.67* (1.09, 2.56) 2.27*** (1.45, 3.55) .0011
TNF�-sR2 391 1 1.41 (0.91, 2.20) 1.48 (0.94, 2.31) 2.10*** (1.36, 3.24) .0010

Model 2
TNF�-sR1 396 1 1.74* (1.07, 2.82) 1.86* (1.15, 2.98) 3.11*** (1.87, 5.17) �.0001
TNF�-sR2 391 1 1.70* (1.03, 2.79) 1.61 (0.97, 2.65) 2.76*** (1.68, 4.51) .0001

Model 3
TNF�-sR1 250 1 1.66 (0.84, 3.29) 1.73 (0.86, 3.48) 2.24* (1.05, 4.79) .0475
TNF�-sR2 245 1 1.92 (0.92, 3.98) 1.91 (0.92, 3.97) 2.83** (1.34, 5.99) .0113

Data are expressed as OR (95% CI) obtained from logistic regression models. Quartile 1 is the reference stratum (OR � 1). “n” represents the
number of case and control pairs used in the analysis; it varies due to missing covariate data. Model 1 is matched on age, race, year of enrollment,
self-reported hormone use; no adjustment for other covariates. Model 2 is model 1 plus FRAX score. Model 3 is model 2 plus nutritional variables
(intake of calcium, vitamin D, total energy, protein, multivitamin use), and factors impacting inflammation (NSAID use, arthritis, depression, body
mass index, self-reported general health, comorbidity index, physical function, poor endurance/exhaustion, physical activity).
a Interquartile cut-points for TNF�-sR1: 1246.0, 1465.2, and 1739.4 pg/mL; TNF�-sR2: 2674.4, 3118.4, and 3509.5 pg/mL (using controls only).

* P � .05 relative to Q1; ** P � .01; *** P � .001. P values are from tests for linear trend.

Figure 1. OR of hip fracture by quartiles of TNF-sR1 and TNF-sR2.
Quartile 1 is reference strata; OR � 1. Linear trend: *, P � .05; **, P � .01.
Error bars denote 95% CI. Data are adjusted for FRAX score,
nutritional variables (intake of calcium, vitamin D, total energy, protein,
multivitamin use), and factors impacting inflammation (NSAID use,
arthritis, depression, body mass index, self-reported general health,
comorbidity index, physical function, poor endurance/exhaustion, and
physical activity).
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The current study lends further support to the ability of
circulating inflammatory biomarkers to predict osteopo-
rotic fracture. Cauley et al (9) assessed whether a panel of
baseline inflammatory markers—IL-6, TNF-�, C-reactive
protein, and soluble receptors of IL-6, IL-2, TNFR1,
TNFR2—could predict incident total fracture within the
Health ABC study, a prospective cohort study of � 3000
healthy adults, ages 70–79 years. Multivariate-adjusted
hazard ratios (95% CI) of total fracture in Q4 vs Q1–Q3
for IL-2sR, TNF�-sR1, and TNF�-sR2 were 1.52 (1.04–
2.21), 1.73 (1.18–2.55), and 1.48 (1.01–2.20), respec-
tively. Due to the small numbers of hip fractures, there was
limited power to test these biomarkers for this outcome.
Building on the hypothesis, Barbour et al (13) focused
on cytokine soluble receptors, including TNFR1 and
TNFR2, as predictors of hip fracture within the WHI-OS
using a nested case-control design. The highest quartiles of
soluble receptors were compared with the lower three
quartiles combined to show statistically significant risk
ratios for TNF�-sR2 [1.56 (1.09–2.22)] but not TNF�-
sR1 [1.41 (0.97–2.05)]. Models incorporating multiple
inflammatory markers (TNF�-sR1, TNF�-sR2, and IL-
6sR) showed that the presence of three markers in the
highest quartile predicted hip fracture. In the Study of
Osteoporotic Fracture (SOF), the highest quartiles of
TNF�-sR1 and IL-6 were associated with hip fracture
(hazard ratio � 2.05; 95% CI, 1.35–3.12; and hazard
ratio � 1.64; 95% CI, 1.09–2.48, respectively) (14).

Although the current and previous studies (13, 15) are
nested case-control studies within the WHI, it should be
noted that each was a separate sampling of hip fractures.
The strength of association between soluble TNF recep-
tors and hip fracture is greater in the present study. Here,
ORs (Q2, Q3, and Q4 vs Q1) for TNF�-sR1 (1.66, 1.73,
2.24) and TNF�-sR2 (1.92, 1.91, 2.83) are greater than
the comparable point estimates in the prior study (1.00,
1.14, 1.48; and 1.09, 0.96, 1.57, respectively) (13). Al-
though Barbour et al (13) reported risk ratios and the
current paper expresses ORs, the ORs are comparable due
to the low frequency of hip fracture. Annual rates of hip
fracture have been reported at 0.16% in the WHI-OS and
0.16% in the WHI-CT (27).

The greater effect size of TNF� receptors as a predictor
of hip fracture in the current vs prior study may be due to
subtle differences in population characteristics. Interquar-
tile cut-points for TNF�-sR1 among controls were lower
in the current study (1246.0, 1465.2, and 1739.4 pg/mL)
compared to the values found in the prior WHI study (13)
(1373.3, 1566.7, and 1842.7 pg/mL), suggesting that in-
flammation was higher overall in the latter study. Lower
referent quartile values in the current study could have
resulted in higher risks in the higher quartiles. However,

the opposite situation occurred for TNF�-sR2 interquar-
tile cut-points, which were higher in the current study
(2674.4, 3118.4, and 3509.5 pg/mL) vs the prior study
(2113.5, 2489.7, and � 2848.4). In the current study, almost
40% of women took estrogen, and personal history of
fracture in control participants was excluded by design. In
contrast, Barbour et al (13) excluded participants using
estrogen up to 1 year before enrollment and included per-
sonal history of fracture in controls. Subjects in the current
study vs the prior study had greater physical activity
(10.9–14.6 vs. 7–11 MET-h/wk). Finally, time to hip frac-
ture was shorter in the current study vs the prior study
(median, 5.1 vs 7.1 y), suggesting that the relationship may
attenuate with time.

Threepossible relationshipsbetweenPUFAandhip fracture
are considered: 1) PUFAs are in the causal pathway involving
inflammation (PUFA3TNF receptors3fracture); 2) PUFAs
affect hip fracture risk via other mechanisms; and 3) the
PUFA effect modifies the relationship between inflamma-
tion and hip fracture. We found evidence of the first re-
lationship because EPA, DHA, and EPA � DHA were
inversely associated with both soluble TNF receptors, and
the latter predict hip fracture. However, the association
between PUFAs and hip fracture without adjustment for
TNF� receptors was nonsignificant in this sample. There-
fore, we did not perform mediation analysis testing. Re-
garding the second relationship, cohort studies assessing
fatty acid intake by FFQ, lower saturated and higher
monounsaturated fat intakes, and higher ALA were asso-
ciated with lower hip fracture risk from the WHI and Fra-
mingham studies, respectively (15, 16), and in our prior
work higher baseline RBC levels of ALA, EPA, and total
n-3 fatty acids and lower n-6/n-3 ratio were each associ-
ated with lower hip fracture (17). In the current study,
ORs of hip fracture by these PUFAs were not statistically
significant. Although PUFAs may impact hip fracture via
lowering inflammation or via another mechanism(s), it is
unlikely that PUFAs are the sole determinants of soluble
TNF� receptor levels. Because there are many likely de-
terminants of chronic inflammation, the addition of PUFA
as a possible effect modifier was legitimate. In this study,
we searched for effect modification by PUFA intake but
did not find evidence of such.

Study strengths include the nested case-control study
design within a prospective study, rigorous adjudication
of hip fractures, and broad covariate data, including those
associated with inflammation: comorbidity index, frailty,
and physical function. Potential limitations include the
subjective assessment of nutrient intake via FFQ and fluc-
tuation of TNF� receptor levels after baseline determina-
tion. We preferred to measure tissue levels of RBC PUFA
directly, but there was limited availability of samples con-

doi: 10.1210/JC.2015-1662 press.endocrine.org/journal/jcem 3385

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/100/9/3380/2836066 by guest on 19 M
ay 2023



taining both these and soluble TNF� receptors. Because
this study was limited to postmenopausal Caucasian
women, results may not be generalizable to men, non-
Caucasians, or premenopausal women. Renal function
measured by cystatin-C and bone mineral density atten-
uated the ability of inflammatory markers to predict hip
fracture risk in the SOF and WHI but were not assessable
in the current study. Another limitation was our inability
to capture n-3 supplement use in WHI participants. Fi-
nally, causality may not be inferred from this association
based on a case-control study.

It is possible that PUFAs do modulate the relationship
between TNF receptors and hip fracture, but this may
require supplementation to reach levels higher than
achieved by diet alone. One ancillary study within the
Vitamin D and Omega-3 Trial (VITAL)—a randomized,
double-blind, placebo-controlled, 2 � 2 factorial trial of
EPA � DHA (1:3 to 1 ratio), 1 g/d and vitamin D3, 2000
IU/d in 20 000 US men and women—includes DXA and
fracture ascertainment (33). The VITAL trial includes
marine but not plant-based n-3 PUFAs and is thus not
designed to determine skeletal health effects of ALA sup-
plementation. If skeletal outcomes are shown, an exami-
nation of mechanism of action via n-3 effects on chronic
inflammation is warranted.

Conclusions
This study adds to a body of evidence supporting the

association between circulating inflammatory biomarkers
as a predictor for incident hip fracture in postmenopausal
Caucasian women.
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