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Cytokines in the Bone Marrow Supernatant Fluid of
Osteoporotic Women

Ana Maria Pino,' Susana Rios,"' Pablo Astudillo,’ Mireya Fernandez,' Paula Figueroa,’
German Seitz,> and J Pablo Rodriguez'

'Laboratorio de Biologia Celular, Instituto de Nutricion y Tecnologia de los Alimentos (INTA), Universidad de Chile, Santiago, Chile
Hospital Sotero del Rio, Santiago, Chile

ABSTRACT

Osteoporosis is characterized by low bone mass, microarchitectural deterioration of bone tissue leading to increased bone fragility, and a
resulting susceptibility to fractures. Distinctive environmental bone marrow conditions appear to support the development and
maintenance of the unbalance between bone resorption and bone formation; these complex bone marrow circumstances would be
reflected in the fluid surrounding bone marrow cells. The content of regulatory molecules in the extracellular fluid from the human bone
marrow is practically unknown. Since the content of cytokines such as adiponectin, leptin, osteoprogeterin (OPG), soluble receptor
activator of nuclear factor kB ligand (s-RANKL), tumor necrosis factor «, and interleukin 6 (IL-6) may elicit conditions promoting or
sustaining osteoporosis, in this work we compared the concentrations of the above-mentioned cytokines and also the level of the soluble
receptors for both IL-6 and leptin in the extracellular fluid from the bone marrow of nonosteoporotic and osteoporotic human donors.
A supernatant fluid (bone marrow supernatant fluid [BMSF]) was obtained after spinning the aspirated bone marrow samples; donors
were classified as nonosteoporotic or osteoporotic after dual-energy X-ray absorptiometry (DXA) measuring. Specific commercially
available kits were used for all measurements. The cytokines’ concentration in BMSF showed differently among nonosteoporotic
and osteoporotic women; this last group was characterized by higher content of proinflammatory and adipogenic cytokines. Also,
osteoporotic BMSF differentiated by decreased leptin bioavailability, suggesting that insufficient leptin action may distinguish the
osteoporotic bone marrow. © 2010 American Society for Bone and Mineral Research.
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Introduction environmental bone marrow conditions appear to provide support
for the development and maintenance of the unbalance between
bone resorption and bone formation. These complex bone marrow

circumstances would be noticeable in the fluid surrounding bone

he functional relationship among the several phenotypes
of cells found in bone marrow generates a distinctive

microenvironment via locally produced soluble factors, the
extracellular matrix components, and systemic factors."? Taking
into consideration only the primary cellular components of the
marrow stroma, it is anticipated that a broad range of signals
result from the activity of adipocytes, macrophages, fibroblasts,
osteoprogenitors, hematopoietic stem cells, and their progeny,
as well as from endothelial and reticular cells. At present, the
content of signaling molecules in the extracellular fluid from
human bone marrow is practically unknown, making it difficult to
infer their physiologic relevance to bone marrow processes.
Osteoporosis is characterized by low bone mass, microarchi-
tectural deterioration of bone tissue leading to increased bone
fragility, and a resultingt susceptibility to fractures.® Distinctive

marrow cells, collecting some characteristic assortment of
signaling molecules such as adipokines and proosteoclastic and
proinflammatory cytokines, among others.

Measurement of soluble molecules found in the human bone
marrow has been particularly difficult not only because of tissue
seclusion but also because of the complicated anatomy and
blood perfusion of bone. Knowledge on the intramedullar
concentration of compounds with recognized regulatory effects
on bone formation or resorption is scarce, limited to some
pathologic condition or estimated from measurements in
plasma.*=”

The progress of osteoporosis and other bone loss-related
diseases appearsto be strongly associated with bone marrow
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adipogenesis because both osteoblasts and adipocytes originate
from common precursor cells, the mesenchymal stem cells
(MSCs) present in bone marrow.®" In osteoporosis, there is
very early alteration of the differentiation potential of MSCs,
leading to unbalanced osteogenic/adipogenic processes favor-
ing adipose tissue accretion in the bone marrow, which is
counterbalanced by reduced production of osteogenic cells.®'®
lliac crest biopsies from elderly women showed that bone
marrow from osteoporotic patients had a considerable accu-
mulation of adipocytes in relation to that of healthy elderly
women."? Subsequent studies confirmed a negative association
between bone marrow fat and the rate of bone formation.!">"*)

Until recently, fatty infiltration of the bone marrow was
considered an inconsequential product of normal aging,
whereas now the potential responsibility of bone marrow
adipocytes in the promotion of bone loss environmental
conditions, through the secretion of several compounds having
paracrine action on bone cells, is acknowledged.®'®

The aim of this work was to evaluate in part the potential
regulatory activity of the extracellular fluid from bone marrow of
nonosteoporotic and osteoporotic human donors because we
conjectured that the content of some cytokines in the bone
marrow may elicit conditions promoting or sustaining osteoporo-
sis. It could be expected that concentrations measured in the bone
marrow supernatant fluid (BMSF) may more reliably reflect the
physiologically relevant concentrations in the interstitial compart-
ment surrounding the bone cells than values found in blood.
Considering the complex organization in such a regulatory milieu,
we opted for evaluating some molecules recognized as markers
of either adipocyte’”2® proinflammatory®*2” or osteoclastic/
osteoblastic®®=>? activity affecting consequently the balance
between bone resorption and bone formation.

Therefore, in this work, after obtaining a supernatant fluid
from the bone marrow samples from characterized donors, the
concentrations of the following cytokines or receptors were
measured: adiponectin, interleukine 6 (IL-6), soluble IL-6 receptor
(sIL-6R), tumor necrosis factor-a (TNF-a), leptin, soluble leptin
receptor (sOB-R), osteoprotegerin (OPG), and soluble receptor
activator of nuclear factor kB ligand (s-RANKL). In addition, the
concentration of the C-terminal telopeptide cross-link of type |
collagen (CTX) was measured.

Materials and Methods

Subjects

Postmenopausal women 60 to 75 years of age who required
bone surgery because of bone fracture or arthroplasty at the
Trauma Section of Hospital Sétero del Rio, Santiago, Chile, were
asked to volunteer as bone marrow donors. Written informed
consent was obtained from all subjects, and ethical approval was
obtained from the ethical committees of both the Hospital
Sétero del Rio and the Instituto de Nutricion y Tecnologia de
los Alimentos (INTA). Bone marrow was obtained by iliac crest
aspiration during surgical procedures.®” Bone mineral density
(BMD) at the lumbar spine (L2-4) was measured for each subject
within 4 weeks of surgery using dual-energy X-ray absorptio-
metry (DXA) (LUNAR, Prodigy, General Electric Medical Systems,

Madison, WI, USA). Donors were classified as nonosteoporotic or
osteoporotic according to their BMD value; nonosteoporotic
donors had BMD higher than —2.5 SD of the mean BMD for
young adults, and osteoporotic donors had BMD lower than —2.5
SD.®? All donors considered themselves healthy, except for the
surgery, and were not under glucocorticoid or estrogen
replacement therapy. Sixty percent of osteoporotic donors
presented hip fracture, whereas this condition was seen in 13%
of the osteopenic nonosteoporotic donors.

Body mass index (BMI) and other anthropometric measure-
ments were determined using values obtained during the DXA
procedure.

Bone marrow supernatant fluid (BMSF)

Bone marrow supernatant fluid was obtained after spinning
the bone marrow-aspirated sample (~2mL) for 5 minutes at
600 x 9. Approximately 500 to 800pL of bone marrow
supernatant fluid was collected and kept at —20°C until cytokine
measurement.

Measurement of cytokines and soluble cytokines
receptors

Commercially available ELISA kits were used for the following
measurements: Leptin was assessed using the Linco Research
(St. Charles, MO, USA) kit, with a sensitivity of 0.125ng/mL. For
measurement of IL-6 and the sIL-6R and leptin, the kits used were
from R&D Systems, Inc. (Minneapolis, MN, USA), with sensitivities of
0.039 pg/mL, 6.5pg/mL, and 0.02ng/mL, respectively. The kits
used for the determination of both adiponectin and TNF-a were
from US Biological (Swampscott, MA, USA), which had sensitivities
of 0.1 pg/mL and 16 pg/mL, respectively. OPG, s-RANKL, and CTX
were measured using kits from Immunodiagnostic Systems
(Fountain Hills, AZ, USA), with detection limits of 0.14 pmol/L,
0.02 pmol/L, and 0.02 ng/ml, respectively.

Statistical analysis

All results are expressed as mean £ SD. Comparison between
nonosteoporotic and osteoporotic groups was done using a two-
sample Student’s t test; Pearson’s correlation coefficients were
used to examine bivariate correlation. A p < .05 was considered
to represent a statistically significant difference. Adjustement of
data for weight, age, or both was done through the general linear
method procedure (SAS Institute, Cary, NC, USA).

Results

Characteristics of subjects

Anthropometric characteristics of donors are shown in Table 1.
The mean BMI was significantly different between the two
groups, with the mean BMI of nonosteoporotics falling in the
overweight range and the mean BMI of osteoporotics being
normal. Accordingly, a significant difference in the percent of fat
mass also was observed between groups.
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Table 1. Characteristics of Nonosteoporotic and Osteoporotic
Bone Marrow Donors

Nonosteoporotics Osteoporotics

(n=32) (n=15) P Value
Age (years) 714+47 725457 270
T-score —1.1£1.1 —3.8+0.38 .001
Weight (kg) 629+77 573490 014
BMI (kg/m?) 264125 2394238 010
Fat (%) 486+5.9 419+73 .003

Values are mean =+ SD.

Bone marrow supernatant fluid

All bone marrow samples were obtained by iliac crest suction
performed by the same surgeon (GS), attaining standardized
volume of sampling; donor bone health was defined by L2-4
DXA after surgery. These conditions guaranteed representative
sampling of bone marrow, which on careful centrifugation
originated the portion denominated as bone marrow supernatant
fluid (BMSF). This fraction appears to comprise the bone marrow
milieu, although it also might contain components derived from
the blood perfusion of tissue, as well as compounds from broken
marrow cells.”)

Bone resorption marker in BMSF

The bone resorption marker serum C-telopeptide cross-link of
type 1 collagen (sCTX) was measured in BMSF samples because it
is a highly sensitive indicator of increased bone resorption in
menopausal women. As expected, sCTX significantly differed
between nonosteoporotics and osteoporotics, being 0.55 +0.16
and 0.87 +0.38 ng/mL, respectively (p <.027; n=8).

Cytokine levels in BMSF

Selected cytokines, sIL-6R, and leptin concentrations were
measured in the BMSF obtained from nonosteoporotic and
osteoporotic donors (Table 2). All concentration values showed
statistical difference between both groups, except for soluble
leptin receptor. The levels of IL-6, TNF-a, and OPG were higher
in osteoporotic than in nonosteoporotic donors, whereas
leptin, adiponectin, and s-RANKL concentrations were higher
in nonosteoporotic than in osteoporotic BMSF. The concentration
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Fig. 1. Leptin bioavailability in bone marrow supernatant fluid (BMSF) of
nonosteoporotic and osteoporotic donors. Results show the ratio
between leptin and the soluble leptin receptor (sOB-R) concentrations
in samples of BMSF. The bar indicates the mean value for each group.
*p < .05.

of sIL-6R was higher in osteoporotic samples, whereas in both
groups the sOB-R concentrations were similar.

Since the groups studied differed in body weight (and its
derived anthropometric values), in addition to values of T-score,
the leptin concentrations shown in Table 2 were adjusted for
weight, age, or both, having in mind the influence of body
weight and/or fat on circulating leptin values and of age on
T-scores. We substantiated that mean leptin concentration
values and the significance range among groups were essentially
maintained after these statistical adjustments (values not
shown).

In plasma, the bioactivity of some cytokines appears to
depend on the concentration of their soluble receptors. Thus the
available leptin concentration for cells depends on the ratio
between the concentration of this cytokine and its specific
soluble receptor. As shown in Fig. 1, leptin bioavailability, based
on this ratio, was significantly diminished in the BMSF of

Table 2. Concentration of Cytokines and of the Soluble Receptors for Interleukin-6 and Leptin in the Bone Marrow Supernatant Fluid

Nonosteoporotics Osteoporotics P Value
Interleukin-6 (pg/mL) 48+25 (n=23) 62+£25 (n=15) 044
Soluble interleukin-6 receptor (ng/mL) 33.7+£13.1 (n=12) 47.0£13.7 (h=10) .02
TNF-a (pg/mL) 723 +55.0 (n=15) 148.91+82.0 (n=12) .036
Adiponectin (pg/mL) 95+24 (n=15) 57+27 (n=14) .04
Soluble RANKL (pmol/L) 0.27+£0.16 (n=28) 0.14 +0.05 (n=38) 021
Osteoprotegerin (pmol/L) 29409 (n=38) 44418 (n=28) .035
Leptin (ng/mL) 145+ 11.3 (n=24) 7.0+44 (n=12) .004
Soluble leptin receptor (ng/mL) 446+ 147 (n=16) 489+17.8 (n=28) .282

Values are mean =+ SD. Number of samples indicated in parenthesis.
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Table 3. Statistically Significant Bivariate Correlation Coefficients Between Measured Variables

BMI Fat sIL-6R Leptin Leptin/sOB-R OPG
T-score 0.40293 (.01098) 0.3334 (.03807) n.s. 0.46493 (.00428) 0.5739 (.00336) n.s.
BMI 1 0.69759 (<.0001) n.s 0.35813 (.03465) 0.62382 (.00112) n.s.
Fat n.s 1 n.s. 0.64375 (<.0001) 0.61532 (.00137) n.s.
sIL-6R n.s n.s 1 n.s. —0.57457 (.03999) n.s.
Leptin n.s n.s n.s. 1 0.92349 (<.0001) n.s.
sOB-R n.s n.s n.s. n.s. —0.59293 (.00226) 0.86835 (.02486)
IL-6 n.s. n.s 0.43852 (.0412) n.s. n.s. n.s.

BMI = body mass index; IL-6 = interleukine 6; sIL-6R = soluble interleukine 6 receptor; TNF-a = tumor necrosis factor «; sOB-R = soluble leptin receptor.

p values are indicated in parentheses. n.s. = nonsignificant.

osteoporotic donors compared with that of nonosteoporotic
donors (0.154+0.16 and 0.33 + 0.22, respectively). In contrast, the
functional relationship for the IL-6 system appears to depend on
a simultaneous elevation in both IL-6 and sIL-6R, which was
observed in the osteoporotic group (see Table 2).

On the other hand, osteoclast activity is likely to depend, at
least in part, on the relative balance of RANKL and OPG. We
found that the RANKL/OPG ratio appears significantly increased
(p < .010; n=8) in BMSF of nonosteoporotic versus osteoporotic
donors (0.095 + 0.034 versus 0.042 4 0.018, respectively).

No influence of the fracture condition of donors was noticed in
the parameter values measured in the BMSF samples (not
shown).

All factors measured in samples of nonosteoporotic and
osteoporotic subjects were analyzed in a matrix of linear
correlation; statistically significant results are shown in Table 3.
T-scores showed a significant positive linear correlation with BMI,
the percent of fat, leptin concentration, and the leptin/sOB-R
ratio. Furthermore, BMI correlated positively with the percent of
fat, leptin concentration, and leptin/sOB-R ratio. In addition, the
percent of fat showed a significant positive correlation with both
leptin level and the leptin/sOB-R ratio. While the concentration of
IL-6 correlated directly with the concentration of its soluble
receptor, the level of sOB-R correlated significantly with the
leptin/sOB-R ratio and OPG (see Table 3). No significant linear
correlation was appreciated between TNF-a, adiponectin, or
RANKL levels and the other parameters measured (not shown).

Discussion

Results showed that in the bone marrow microenvironment, the
concentrations of functional cell signals such as OPG, RANKL,
TNF-a, IL-6, and leptin are different in nonosteoporotic and
osteoporotic subjects. Thus, although the concentration range
for all parameters measured in the BMSF was equivalent to the
respective range in normal blood plasma, 718303334 the
concentration of cytokines in the BMSF of nonosteoporotic
and osteoporotic subjects proved to be different enough to
discriminate bewteen these groups. Several in vitro studies show
direct action of these cytokines on bone cells,?®*>3”) and one in
vivo study has shown that estrogen withdrawal at menopause
promotes a display of proinflammatory cytokines.?® Never-
theless, no consistent difference in the levels of these cytokines
has been shown in plasma between nonosteoporotic and

osteoporotic subjects,’ 18283840 aycept for OPG.*'*? Our
results suggest that in the bone marrow environment these
cytokines attain levels that show less variability than those found
in blood. Hence the cytokine levels measured in BMSF may give a
better account of their influence on bone condition.

Our results substantiate that in the BMSF of osteoporotic
subjects, proinflammatory and proadipogenic conditions prevail,
given that the levels of IL-6, sIL-6R, and TNF-a were increased,
whereas those of adiponectin and leptin were diminished
compared with nonosteoporotic subjects. The relative increase
in the proinflammatory cytokines in the BMSF of osteoporotic
subjects is in agreement with the recognized role of IL-6 and
TNF-a as mediators of bone loss not only in postmenopausal
osteoporosis but also in other diseases associated with bone
loss.?® Moreover, the associated increase in sIL-6R in the BMSF of
osteoporotic subjects compared with nonosteoporotic subjects
corroborates its enhanced proinflammatory potential as it could
be expected from the recognized relevance of the IL-6/sIL-6R
system in several bone loss conditions.**4%

Considering the adipokine levels found in the BMSF of
osteoporotic and nonosteoporotic subjects, it could be inferred
that the adipose tissue of both groups presents distinctive
activities. Hence, in the BMSF of nonosteoporotic subjects,
the levels of both leptin and adiponectin appear appropriate,
implying a balanced activity of bone marrow adipose tissue.
Adequate leptin production by nonosteoporotic subjects could
result in part from their high BMI and percent of fat mass; hence,
in these individuals, leptin could exert an efficient protective
effect on bone.”? In contrast, the levels of these cytokines in
the BMSF of osteoporotic subjects suggest an increased and/or
disturbed bone marrow adipogenesis, given that adiponectin
deficiency is a typical feature of extramedullar adipose tissue of
patients with obesity, diabetes, or insulin resistance.*>*® The
observed reduction in the production of leptin by osteoporotic
bone marrow appears paradoxical because it is known that
osteoporosis and other bone loss diseases are characterized by
an increase in the buildup of adipose tissue in bone marrow
together with a decrease in bone volume ®'24748 Al
osteoporotic women in this study were either normal or
overweight, as assessed by BMI, thus having a fat mass that
essentially should be sufficient for normal leptin production. The
decrease in leptin concentration could result in part from the
increased IL-6 and TNF-a levels in osteoporotic bone marrow;
these cytokines have been shown to inhibit leptin production
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and secretion by bone marrow adipocytes.*” Hence, it could be
argued that in osteoporosis, an imbalance in bone marrow
adipogenesis leads to a disruption in the production and/or
action of signaling molecules, consequently preserving the
adipogenic condition. Former in vitro studies support this
conclusion in relation to a direct action of leptin on MSCs.®74°)
On the other hand, decreased RANKL and increased OPG
levels were detected in the BMSF of osteoporotic subjects
compared with nonosteoporotic subjects, resulting in a low
RANKL/OPG ratio. This observation could result in part from the
methodology employed because reagents for OPG detection
recognize all OPG forms, but measurement for RANKL is
restricted to the free soluble RANKL form, underestimating
therefore other functional RANKL forms. The level of OPG has
been found increased also in plasma of osteoporotic women
compared with nonosteoporotic women, hypothetically result-
ing from some sort of compensatory activity.*'*? Further, it
could be suggested that the above-mentioned increased and/or
altered adipogenic conditions in the bone marrow of osteo-
porotic patients also could affect OPG levels because adipocytes
and other bone marrow cells synthesize this cytokine, whereas its
expression is under leptin regulation.®°=>? Moreover, it could be
inferred that in osteoporotic subjects, the OPG protective effect
on bone is by some means hindered despite its high content.
We observed that the bioavailability of leptin in BMSF is higher
in nonosteoporotic subjects than in osteoporotic subjects,
suggesting insufficient leptin action in the latter group, at least
at the bone marrow level. It is of notice that a failure of leptin
signaling has been recognized as underlying several other
clinical states.*® A decrease in leptin availability in osteoporotic
bone marrow could represent to some extent the aforemen-
tioned decrease in the biologic activity of leptin detected on
MSCs.%”*9 Reduced leptin bioavailability in the osteoporotic
BMSF appears to result from both diminished leptin production
and the preservation of sOB-R levels. Our present data suggest
that this receptor, by its binding to the scarce leptin being
produced, may disrupt effective leptin signaling in osteoporotic
bone marrow. The mechanisms regulating sOB-R concentration
are not clear, but several in vitro and experimental studies have
suggested that leptin suppresses the expression of its own
receptor.®*>”) Moreover, the administration of leptin has been
shown to repress sOB-R levels in humans.®® Also, sOB-R is low in
subjects who are insulin resistant, and it has been concluded that
abdominal fat may exert a suppressive effect on sOB-R levels.®”
Concerning the anthropometric characteristics of the studied
subjects, nonosteoporotic subjects had higher weight, BMI, fat
mass, and percent of fat than osteoporotic subjects, although the
latter group was far from thin; these observations match with
several reports pointing out these types of differences.”>*
The preceding observations were corroborated by linear
correlation analyses showing the expected relationships among
T-score and both BMI and percent of fat mass, which has been
interpreted as indicative of a protective effect of weight against
osteoporosis.?? In addition, T-score correlated with both leptin
levels and the leptin/sOB-R ratio, both parameters directly
reflecting leptin availability in the bone marrow environment,
emphasizing the positive consequences of effective leptin action
on bone. Leptin levels in the BMSF correlated positively with

both BMI and percent of fat mass, probably reflecting the
preponderance of adipose tissue as a source of the hormone.
Finally, the significant correlation found between the levels of IL-
6 and sIL-6R and between the levels of sOB-R and OPG, as well as
the negative relationship between sIL-6R and the leptin/sOB-R
ratio, suggest a potential regulatory relationship among these
signals in the bone marrow.

In summary, the measurement of cytokine concentrations in
BMSF showed a distinctive supply of these signaling molecules
among nonosteoporotic and osteoporotic elderly women; the
latter group was characterized by a higher content of
proinflammatory and adipogenic cytokines. Also, decreased
leptin bioavailability appears characteristic of osteoporotic BMSF,
suggesting that insufficient leptin action may distinguish the
osteoporotic bone marrow.
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