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Abstract. Cytokines such as interleukin-1 (ILB}, inter-  menopausal — Interleukin-1 — Interleukin-6 — Tumor ne-
leukin-6 (IL-6) and tumor necrosis factor (TNB-can in-  crosis factor.

fluence both bone resorption and bone formation. The ob-

jective of this cross-sectional study was to examine the re-
lationship between cytokine production by peripheral blood

mononuclear cells (PBMC) and bone mineral densityThe abatement in ovarian hormones associated with th
(BMD); the annual rate of change in BMD was examined.menopause appears to accelerate the risk of certain diseas
Subjects participating in a randomized clinical trial entitled Such hormonal declines are particularly detrimental for
the Women’s Healthy Lifestyle Project in Allegheny skeletal homeostasis. With the menopause, an uncoupling
County, Pennsylvania were used. They included 50 healthgone remodeling occurs, in which bone resportion exceed
premenopausal women, aged 45-52 years, who had regulaone formation, resulting in progressive bone loss and pos
menses within the past 3 months and were not on replacenenopausal osteoporosis. Accordingly, bone loss in wome
ment estrogens. Dual-energy X-ray absorptiometry meais the highest in the years immediately following the meno-
surements at the AP lumbar spine and femoral neck werpause [1]. Estrogen replacement therapy can be most effe
made at baseline and at the first annual exam using a Haive in attenuating this postmenopausal bone loss [2], al
logic QDR 2000 densitometer. Cytokine production of IL- though the mechanism by which estrogens exert this bone
18, IL-6, and TNFe by PBMC was measured at the annual conserving effect remains largely unresolved. Since
exam. The median values for stimulated cytokine producestrogen receptors have been found on both osteoclasts a
tion by PBMC were 3.92 ng/ml, 31.3 ng/ml, and 1.05 ng/ml, osteoblasts [3, 4], it is likely that a direct skeletal effect is
for IL-1B, IL-6, and TNFe, respectively. There were mod- involved.

est correlations between cytokine production and cross- Most recently, it has been suggested that estrogen m
sectional BMD, ranging from r= -0.30 to r = -0.13.  diates the production of cytokines involved in bone remod-
Trends of greater spinal bone loss were observed in womesling such as interleukin-1 beta (i), interleukin-6 (IL-6)
with “high” ( =75th percentile) cytokine production of or tumor necrosis factor alpha (TN Cytokines are local
stimulated IL-B and IL-6 (IL-18: “high” = -1.56% * intracellular mediators that are produced by many cells
0.70 versus “low” (<75th percentile} —0.56% + 0.35P  particularly bone and hematopoietic cells and thereby pro
= 0.21). In contrast, greater annual gains in femoral neckiide a potential functional link between bone and bone mar
BMD were observed in those with high cytokine productionrow [5]. Cytokines produced in the bone microenvironment
of IL-1B and IL-6 (IL-1B: high = 3.39% + 1.16 versus low influence bone remodeling by regulating the differentiation
= —0.85 + 0.58,P = 0.002). There was no association as well as activity of osteoclasts and osteoblasts [6-9].
between stimulated TNF production and annual change in  Several studies have suggested that differences in cytc
BMD. In this population of healthy premenopausal women,kine production by various tissues or hematopoietic cells
the relationship between cytokine production by PBMC andncluding peripheral blood mononuclear cells (PBMC)
the rate of change in BMD was significantly different for might be associated with changes in BMD and perhaps, i
the lumbar spine and femoral neck, possibly reflecting dif-the development of osteoporosis. For example, Pacifici e
ferences in the proportion of trabecular and cortical bone a&l. [10] demonstrated that PBMC produced significantly
these sites. higher levels of IL-B in patients with higher rates of bone
remodeling than in those with low turnover osteoporosis
and nonosteoporotic healthy subjects. Some [11, 12], bu
not all investigators [13], have reported similar findings.
Bismar et al. [14] demonstrated that IL-6 secretion by bone
marrow cells was elevated at menopause or after discor
tinuation of estrogen therapy, thereby supporting the ide:
_— that changes in cytokine concentrations may be partially
Correspondence td.. M. Salamone responsible for enhanced bone resorption in estroger
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depleted women. Indeed, when postmenopausal osteoporditstory of endometriosis and polycystic ovaries. Another woman
ic women were treated for 1 month with a combined estrowas excluded who had unusually low levels of stimulated cytokine
gen and progesterone therapy, |B_$ecretion was S|gn|f|- levels with an IL-6 of 0.12 ng/ml as Compared with the range of

thic findi ; ; values for the study population of 10.0-85.0 ng/ml. Thus, the tota
gﬁgg%tree&jlffg]d [15]; this finding, however, is not universally number for this study was 50. Only two of these women were pas

4 S . . smokers.
Since a gradual decline in ovarian function precedes thé

menopause, we hypothesized that premenopausal women

may show differences in cytokine production levels that )

may correlate with pre- and perimenopausal rate of bon&ual-Energy X-ray Absorptiometry Measurements
change. The objectives of this study were first, to determin%

; ; ; Pual-energy X-ray absorptiometry measurements at the AP lum
whether cytokine production by PBMC was associated wit ar spine, proximal femur (femoral neck, trochanter, and inter-

cross-sectional DXA measures at the lumbar spine ang, . zner), whole-body and whole-body soft-tissue compositior
femoral neck and more importantly, to evaluate whetheliota| jean‘and total fat mass) were made with a Model QDR 200C
cross-sectional cytokine production rates can predict thgensitometer (Hologic Inc., Waltham, MA). DXA measurements
rate of bone change in premenopausal women. were performed at baseline within the first 12 months of random-

ization and again at the annual clinic exam. A standard protocol fo

patient positioning and utilization of software was used. The co-

; efficients of variation, as based @mvitro phantoms scanned each

Materials and Methods month were 0.6% and 1.3% for the lumbar spine and femoral neck

The baseline and annual clinic examination included measurg-€SPeCtively (unpublished).

ments of weight and height. Weight was measured using a stan-

dardized balance beam and height was measured using a stadiom-

eter (Perspective Enterprises Inc., Kalamazoo, MI). BMI was cal-Cytokine Production Measurements
culated as weight in kilograms divided by height in meters

squared. Blood was drawn following a 10-hour fast. Standard progpontaneous and stimulated production of cytokines by PBMC
cedures for blood handling and processing were followed. was measured as previously described [17]. Upowitro stimu-
lation with phytohemagglutinin or lipopolysaccharide, PBMC se-
crete cytokines; the levels of these proteins in the cellular super
Experimental Subjects natant, as measured by immunoassays (ELISA), are a reliable ir
dicator of immunocompetence [17]. Twenty milliters of venous
The 535 women enrolled in this study entitled the Women'sblood was collected in heparin-coated vacutainer tubes, and withi

Healthy Lifestyle Project (WHLP) were recruited from voter reg- 2 hours of blood draw, PBMC were separated on Ficoll-Hypaque
istration lists from selected zip codes in Allegheny County, Penndensity gradients, washed, counted, and resuspended in comple
sylvania. The protocol was approved by the Human Investigatiorfissue culture medium. Cells were then cryopreserved and stored
Review Committee at the University of Pittsburgh and written Vapor phase liquid nitrogen freezers. On the day of the assay
informed consent was obtained from each subject. The criteria foPBMC were thawed, washed, and adjusted to the cell concentre
entry into this study were good general health, aged 44-50 year§on of 1 x 10° ml in complete RPMI medium containing 20 mM
menses within the past 3 months, body mass index (BMI) betweek-glutamine, 100 U/ml of penicillin, 10Qug/ml of streptomycin,
20 and 33.9 kg// alcohol intakes <5 drinks per day, diastolic and 5% (v/v) of fetal calf serum. All reagents were purchased fromr
blood pressure <95 mmHg (on three occasions), total cholesterdfIBCO Life Technologies (Gaithersburg, MD). Aliquots of cell
between 160 and 260 mg/dL, and blood glucose <140 mg/dLSuspension (10Qu per well) were added to wells of a 96-well
Women were excluded if they had a history of cancer within 5round bottom plate containing 1Qd of either medium alone (for
years, psychiatric hospitalization within 1 year, drugs for hyper-measurement of spontaneous release), lipopolysaccharide (LP
tension and lowering cholesterol, hormone replacement therapfscherichia coli 026:B6) (Sigma, St. Louis, MO) apg/ml for
(including thyroid medications and estrogens), psychiatric disorStimulation of TNFec and IL-13 production, or phytohemaggluti-
ders, hysterectomy, and bilateral oophorectomy. nin (PHA-P; Sigma) at 1@.g/ml for IL-6 production. Plates were
This cross-sectional study was part of a clinical trial designedncubated for 24 or 48 hours at 37°C in 5% C@ air, and
to determine whether the increase in LDL-c around the time ofsupernatants were collected and stored at —70°C for testing i
menopause can be prevented by dietary intervention aimed at réytokine immunoassays. Commercially available ELISA kits were
duction in saturated fat and cholesterol, weight loss, or the pretised to measure ILEL(Cistron Biotechnology, Pine Brook, NJ)
ventio of weight gain. Women were randomly assigned to eithe@nd TNFe (Biosource, Camarillo, CA) and IL-6 (R&D Systems,
the Assessment-only or Assessment-plus dietary interventioflinneapolis, MN). Reliability and precision for cytokine produc-
group. Women assigned to the intervention group participated in #0n assays, as performed in our laboratory, have been recentl
dietary intervention aimed at reducing fat intake to no more tharflescribed [17, 18].
20% of calories and reducing saturated fat and cholesterol in the
diet. The subjects in the Assessment group were given general

nutrition and low fat guidelines. Quality Control for Cytokine Assays

] All of the immunoassays were standardized against reference sta
Cytokine Study dards for cytokines available from the WHO through the National
Institute for Biological Standards and Control in England or from

Because of the potential confounding effect of weight change orthe Biological Response Modifier Program (Frederick, MD) [3].
cytokine production, only those women in the Assessment-onlyAn internal laboratory control consisting of a supernatant with the
(control group) were eligible for this study. The first 52 consecu-known levels of each cytokine was divided into aliquots in small
tive Caucasian women who attended their annual clinic examyials, stored at —-80°C and tested every time the assay was pe
having complete DXA measurements at baseline and annual exarfgrmed to determine interassay variability as well as intraassa)
regular menses within the past 3 months, and were not on replaceariability. The coefficients of variation (CV) for cytokine assays
ment estrogens participated in this study. in our laboratory did not exceed 10-15%, as previously reportec
Of the 52 women completing this study, two women were [17]. Normal values, expressed as the middle 80% range, fron
excluded. The first had significantly higher cytokine secretionnormal female blood donors (ages 20-48 years) are 0.53-3.9

compared with the study population and was discovered to have ag/ml for TNF-« production (n= 44), 2.19-7.47 ng/ml for IL-&
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Table 1. Clinical characteristics of the 50 premenopausal womenTable 2. Spearman correlation matrix for the associations be-

tween cytokine production by peripheral blood monocytes anc

Characteristic Mean (SD) Range bone mineral density and body composition

Age (yrs) 48.6 (1.9) 45.5-52.3 Stimulated Stimulated Stimulated

Height (cms} 64.9 (2.2) 60.5-69.5  Characteristic IL-1B IL-6 TNF-a

Weight (kg) _

Baseline 65.1 (7.4) 52.0-88.6 Lumbar spine BMD (g/crf)
Annual 63.4 (7.7) 53.9-90.5 Baseline -0.26 -0.21 -0.19
% ChangB -2.73(6.17) ~ -20.7-10.9 Annual -0.25 -0.19 -0.15

Total lean mass (kg) Femoral neck BMD (g/cr)

Baseline 40.2 (4.3) 33.4-52.3 Baseline -0.23 -0.20 -0.80
Annual 41.1(4.2) 34.4-57.1  Annual -0.14 -0.13 -0.27
% Change 2.6 (4.2) -55-15.5 Weight (kg)

Total fat mass (kg) Baseline -0.10 -0.12 0.09
Baseline 21.1 (5.7) 10.6-34.1 Annual 0.04 0.06 0.16
Annual 20.8 (5.3) 12.3-33.8  Total lean mass (kg)

% Change -0.67 (12.4)  -32.0-24.8  Baseline -0.35  -028  -0.06

Lumbar spine BMD (g/crf Annual -0.30 -0.14 0.04
Baseline 1.081(0.12)  0.777-1.386 Total fat mass (kg)

Annual 1.073(0.12)  0.776-1.323  Baseline 0.32 0.23 0.20
% Chang8 -0.76 (2.2) -6.43-422  Annual 0.28 0.19 0.20

Femoral neck BMD (g/cr) 2 Significant correlation aP < 0.05
Baseline 0.819 (0.12) 0.597-1.263 ® Sjgnificant correlation aP = 0.057
Annual 0.817 (0.11)  0.624-1.155
% ChangB -0.003 (4.00)  -8.49-12.99

2Unless specified, these measurements are at the annual exami-

nation

ng/ml, 31.3 ng/ml, and 1.05 ng/ml, respectively; only stimu-

b5 Change calculated as (annual value — baseline value)/(baselif@ted cytokine levels are reported since spontaneous cyt

value x years) x 100

production (n= 38), and 2.7-12.0 ng/ml for IL-6 production
(n = 8).

Statistical Analyses

Statistical analyses were performed using the SAS Statistical pa

age (SAS Institute, Cary, NC) [19]. Means + standard deviation
(SD) are presented. Spearman rank-order correlations were ¢

c

kine levels were all approximately zero. There were modes
Spearman correlations between cross-sectional BMD me:
surements and cytokine production, ranging from ~0.30
tor = -0.13 (Table 2). Cytokine production by PBMC was
weakly correlated with body weight @& 0.04 to r= 0.15,
P = 0.800 toP = 0.287, respectively). Lean mass at base-
line and follow-up was negatively related to Il[3and IL-6
production and fat mass was positively related to productior
of all three cytokines (Table 2). When we examined poten-
tial interactions between stimulated cytokine production as
eterminants of BMD, the interaction between categories o
-6 and TNF« approached significance in determining

culated to examine the association between non-normally distriblimbar spine BMD at the annual exar® (= 0.0624).

uted variables. Since cytokine production values for f,-IL-6,

and TNFe were not normally distributed, the variables were di-

Women having a “high” production#75th percentile) of
both IL-6 and TNFe appeared to have significantly lower

chotomized based on frequency distributions into quartiles, withspinal BMD [0.963 + 0.18 g/c/h(SD)] as compared with
the middle groups combined. The 75th percentile cutpoints fofyomen with “low” levels (<75th percentile) of both cyto-
IL-1B, IL-6, and TNFe were IL-13, 5.18 ng/ml, IL-6, 42.5 ng/ml, ~ kines (1.08 + 0.07 g/cA P = 0.0495). A similar interac-
and TNFe, 1.44 ng/ml. A general linear model for least-squareds;yn \was observed for ILfA and TNFe in determining

means was conducted to test for significant differences in th : . . _
cross-sectional BMD and the annual rate of bone change by Ca%_\nnual spinal BMD (interaction ternf; = 0.0825).

egories of cytokine production. Adjustments for body weight, an-

nualized change in body weight, and baseline BMD were made.

Multiple regression analyses were conducted with both crosstongitudinal Studies

sectional BMD and the rates of change in BMD as the dependent

variables and each stimulated cytokine (designated as “high IeVWhen we compared the annual rate of change in spinz

els =75th percentile) or “low” levels (<75th percentile) of cy- BMD by each cytokine production category. there tended tc

tokine production) as well as all potential two-way interactions o
between cytokines, i.e., ILELx IL-6; IL-1p x TNF; and IL-6 x b€ a greater rate of bone loss at the lumbar spine in th

TNF, as independent variables. Alvalues less than 0.05 were ‘‘high” category (=75th percentile) of cytokine production
considered to indicate statistical significance. for IL-1B8 and IL-6 as compared to the “low” category
(<75th percentile), even after adjusting for baseline BMD,
baseline body weight, and the annualized percent change
body weight (Table 3). In contrast, the annual rate of femo-
ral neck bone gain appeared to be the highest for thos
women in the “high” category of cytokine production. The
annual rate of change in BMD at the spine and femoral necl
The clinical characteristics of the 50 premenopausal womewvere not consistent for categories of TNEFrom univari-
are given in Table 1. The median values for stimulatedate regression analyses, categories of fL{fP = 0.002)
production by PBMC of IL-B, IL-6, and TNFe were 3.92 and IL-6 (P = 0.037) appeared to be significant determi-

Results

Cross-sectional Studies



L. M. Salamone et al.: Relationship Between Cytokine Production and Bone Mineral Density 4

Table 3. Annual percent rates of change in BMD by categories okines are not detectable in serum. Finally, in some cases
stimulated cytokine production

% Change/

<75th Percentile =75th Percentile

antibodies to cytokines may be present and may interfer
with cytokine determination in serum [18]. For these rea-

Yearin BMD  (n = 40) (n = 10) pvalud  SONns, measurements of cytokine production by PBMC
rather than plasma cytokine levels are preferable and migt
IL-18 better reflect the capability of an individual’s cells to release
Lumbar spine cytokines upon stimulation.
Unadjusted -0.56 (0.35) -1.56 (0.70) 0.208 In this study, cytokine production by PBMC was mea-
Adjusted@ -0.47 (0.35) -1.67 (0.69) 0.130 sured in lieu of that by bone-associated cells. We uset
Femoral neck PBMC as surrogate cells for the obvious reason that they ar
Unadjusted -0.85 (0.58) 3.39 (1.16) 0.002 easily accessible for studies. Cytokine production by stimu:
Adjusted ~ -0.67 (0.56) 2.59 (1.13) 0.021  Jated PBMC may not reflect local effects in bone, but it
IL-6 _ seems to serve as an index of the overall capability of cir-
Lumbar spine culating immune cells to secrete a particular mix of cyto-
Unadjusted —0.55 (0.36) -1.42(0.64) 0.247  kines. It is possible that circulating immune cells are influ-
Adjusted  -0.52(0.36) -1.37(0.67) 0.272  enced by local events in bone through complex cytokine
Femoral neck networks activein vivo. In fact, our studies indicate that
Unadjusted  —0.66 (0.63) 2.09 (1.11) 0.037  sych is the case, because cytokines production by PBM
Adjusted  —0.44 (0.59) 1.50(1.12) 0.136  was found to correlate with BMD.
TNF-o , Although we observed a correlation between cytokine
LuLTnb:(;ﬁStlgg 0.96 (0.37) 0.18 (0.62) 0.281 production and BMD, we were surprised at our finding of
: Py ' g ; - reater spinal bone loss in the groups of women with higk
Fe/%cjél::r?’lick ~0.86 (0.37) ~0.29(0.65) 0.464 ?275th pgrcentile) levels of IL-[% ang IL-6. The women ’
X who showed low (<75th percentile) levels of I3 And IL-6
Unadjusted -0.22 (0.66) 0.62 (1.12) 0.521 - - - .
Adjusted ~0.01 (0.63) 0.003 (1.06) 0.997 experienced loss in the femoral neck. The observation the

levels of cytokine production influence changes in the lum-
@ Adjusted for baseline BMD, baseline body weight, and change irbar spine differently than in the femoral neck is not entirely
body weight from baseline to annual visit clear. It may reflect differences in the proportion of trabec-
P-values represent differences between mean rates of changeylar and cortical bone between the lumbar spine (largely
trabecular) and femoral neck (largely cortical). Because ap
proximately 25% of trabecular bone is resorbed and re
. . placed every year, as compared with only 3% of cortical
nants of the annualized change in femoral neck BMD, exyone [26], it i likely that the rate of bone remodeling is
plaining about 18% and 9% of the total variance in BMD, |5rgely controlled by local rather than systemic factors. Ad-
respectively. From multiple regression analyses, there wergiiionally, trabecular bone has a high suface-to-volume ratic
no significant interactions between cytokine categories 'g(:/]ith 70-85% of the bone’s surface in contact with the bone
determining the annual rates of change in either femoral, 5 row as compared with cortical bone [21]. These differ-
neck or spinal BMD. ences may partly explain the more dominant effect of loca
factors residing in the bone’s microenvironment on trabec:
ular, not cortical bone remodeling. Cytokines are known tc
modulate the microenvironment either positively or nega-
tively, depending on local requirements.
Changes in cytokine levels (or cytokines in general) have Postmenopausal bone loss is associated with excessi
been involved in and may be responsible for bone resorptionsteoclast activity, whereas aging-associated bone loss
in premenopausal women [20-22]. In this study of healthyrelated to a decline in osteoblast supply [27, 28]; thus, post
premenopausal women, significant cross-sectional correlanenopausal bone loss primarily occurs in highly trabecula
tions were observed between cytokine production by PBMGsites whereas bone loss with aging is mainly in cortical sites
and BMD at the lumbar spine and femoral neck, providingThese basic etiologic differences between menopausal bor
additional support for the role of cytokines in BMD. How- loss and aging bone loss offer some explanation for the
ever, in contrast to our findings, Kania et al. [23] observedperhaps more dominant effect of cytokines in mediating ¢
no correlations between plasma levels of IL-6 and BMD, atmore site-specific bone loss (trabecular versus cortical sites
either the spine or femoral neck, that was independent ofather than modulating more general skeletal effects. Thi
age. The negative findings of Kania et al. may relate to theexplanation is consistent with the general view that unde
fact that plasma levels, not cellular production of IL-6, werenormal conditions cytokines act as local rather than sys
measured. As previously reviewed, plasma levels of cytotemic mediators.
kines often do not reflect the status of the locoregional The observation that greater cytokine production by
cytokine production [18]. Several limitations in measuring PBMC is associated with elevated spinal or trabecular bon
plasma IL-6 have been identified [24, 25] and it appears thaloss could have a variety of explanations. As estrogen with
systemic cytokine levels are unlikely to correlate with thosedrawal increases in women who become perimenopause
in the microenvironment of bone. Cytokines have shortestrogen can no longer modulate the local production o
half-lives in serum (minutes) and the presence of solubleytokines which are released and which ultimately stimulate
cytokine receptors or other inhibitors in serum may sequesesteoclastogenesis. IL31for example, is a potent stimula-
ter cytokine proteins. In addition, the presence of naturator of osteoclastogenesis activity with a primary effect on
antagonists may interfere with assay interpretation. Thesteoblasts [29] and is involved in inducing the recruitment
ability of cytokines to bind proteins may interfere with their and differentiation of osteoclastogenesis precursors [6]
detection, and membrane-associated or cell-bound cytdvoreover, the time course of events for estrogen depletior

Discussion
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with increased cytokine production and accelerated boné2.

loss, is consistent with a causal role for cytokines in post-
menopausal osteoporosis, as suggested by others [30, 3%
Elevated IL-B activity in osteoporotic women is supported
by many [13, 32], but not all studies [33].

In summary, cytokines are associated with cross-

sectional measurements of BMD at both the lumbar sping 4

and femoral neck. Cytokines appear to have different site-
specific effects on bone, depending on whether trabecular or

cortical bone is examined. This observation is important inl5.

supporting etiological differences between postmenopausal
and aging bone loss. The ability to use cytokine secretion as
markers of accelerated postmenopausal bone loss remaing
largely unexplored. Monitoring cytokine production serially
during the menopausal transition may provide an additional

means of assessing the risk of developing osteoporosis or

perhaps, for identifying the best candidates for homone rej-.

placement therapy.
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