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A B S T R A C T

High concentration of citrate exists in bone of humans and all osteo-vertebrates, and citrate incorporation im-
parts important biomechanical and other functional properties to bone. However, which cells are responsible for
citrate production in bone remains unclear and whether the citrate component changes with bone loss during
osteoporosis is also not known. Here, we show that the citrate content is markedly reduced in the bone of mice or
rats with age-related, ovariectomy-induced or retinoic acid-induced bone loss. Plasmic citrate is also down-
regulated in osteoporotic animals. Importantly, the plasmic citrate level of aged osteoporotic males is sig-
nificantly lower than that of young healthy males and positively correlates with human lumbar spine bone
mineral density (BMD) and total hip BMD. Furthermore, citrate production increases with in vitro osteoblastic
differentiation, accompanied by upregulation of proteins involved in citrate secretion, suggesting that osteo-
blasts are highly specialized cells that produce citrate in bone. Our findings establish a novel relationship be-
tween citrate content and bone loss-related diseases such as osteoporosis, suggesting a critical role of bone citrate
in the maintenance of the citrate balance in the circulation. Serum citrate level may thus represent a novel
marker for osteoporosis.

1. Introduction

In 1941, Dickens et al. first reported that bone contained extremely
high levels of citrate [1]. Numerous subsequent studies have confirmed
that high concentrations of citrate exist in bone and teeth of humans
and all osteo-vertebrates [2–7]. As a major and indispensable compo-
nent of bone (~20–80 μmol/g), citrate comprises ~1.6% of the bone
content and ~5% of the organic component of bone. Moreover, ap-
proximately 80% of total body citrate resides in bone. In comparison
with most soft tissues (except the prostate), citrate concentration in
bone is approximately 50-fold higher, suggesting an important role of
citrate in the structural/functional properties of bone.

Citrate has always occupied an important position in metabolism
[8–11]. Recently, the development of advanced and necessary research

methodologies and technologies have added new dimensions to its role
in bone tissue. As illustrated by Hu et al. and by Davies in PNAS [12,
13], citrate is strongly bound onto the surfaces of the apatite nano-
crystals in bone. This bound citrate accounts for 5.5 wt% of the organic
components in bone and provides much more carboxylate groups for
binding to the calcium of apatite than all non-collagenous proteins do.
By interfering with nanocrystal thickening and stabilizing apatite na-
nocrystal sizes in bone, citrate incorporation imparts important bio-
mechanical and other functional properties to bone, influencing its
stability, strength and resistance to fracture [14, 15]. However, there is
limited in vivo evidence and functional studies related to the origin of
citrate in bone and its role in the development, maintenance and repair
of bone.

In our previous study, citrate-based biodegradable materials were
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synthesized and used for bone repair. These citrate-based biomaterials
exhibited excellent biocompatibility and extensive osseointegration and
osteoconductivity with host bone tissue. They also promoted better
replication of the native bone citrate and inorganic mineral content
[16–19].

Using different animal models, we demonstrate that the citrate
content is reduced in both bone and serum of animal models with os-
teoporosis or osteopenia. The plasmic citrate level of aged males with
osteoporotic history is also significantly lower than that of young
healthy males and is positively correlated with human lumbar spine
bone mineral density (BMD) and total hip BMD. Osteoblasts are highly-
specialized cells that produce citrate. Our findings suggest that de-
creased citrate content in osteoporotic bone reflects reduced citrate
incorporation into the structure of bone, which may compromise bone
strength and contribute to fragility fractures in the osteoporotic popu-
lation. Besides incorporating and limiting the size of apatite nanocrys-
tals, bone citrate may also play a critical role in the maintenance of the
citrate balance in the circulation.

2. Materials and methods

2.1. Human subjects

This study was approved by institutional review board of Southern
Medical University and Orthopedic Hospital of Puning. In accordance
with local ethical standards, informed consent was obtained from pa-
tients before the recruitment in this study. For analysis of serum citrate
content, we recruited 120 healthy young male volunteers and 120 el-
derly male volunteers from the Department of Orthopedics, Traditional
Chinese Medicine Hospital of Puning, Orthopedic Hospital of Puning
(Puning, Guangdong, 515300, China). The 120 young male volunteers
all passed the physical examination for enlistment. The 120 elderly
male volunteers underwent annual physical examination in the physical
examination center of Orthopedic Hospital of Puning, and they had all
exhibited different osteoporotic fractures over the past 2 years. By the
time of blood collecting, all fractures had recovered. The information of
fracture sites and the age at which the fractures occurred was collected.
In this study, osteoporotic fractures were defined as low trauma frac-
tures (defined as caused by a fall from one's own height or lower over
50 years of age). All pathologic (due to cancer, bone tuberculosis, etc.)
or traumatic fractures (resulted from a fall greater than a standing
height, or accident including motor vehicle accidents, sport accidents,
etc.) were excluded [20]. Participants with osteoarthritis, cancer,
kidney disease or prostate disease were also excluded. Another 87 vo-
lunteers (male= 25, female= 62) who had been enrolled in a study on
the determinants of bone loss were included. For those 87 volunteers,
BMD of the lumbar spine (L1-L4) and total hip was measured by dual-
energy X-ray absorptiometry (DXA) on a QDR 2000 device (Hologic,
Bedford, MA, U.S.A.). The results of DXA measurements were expressed
as BMD (g/cm) and T-score and Z-score of a healthy reference popu-
lation, as supplied by the manufacturer. Age, body weight and height
were recorded by the same physician.

For all those subjects, fasting blood samples (5–10mL) were col-
lected between 7:00 am and 9:00 am. Serum separation was completed
within 2 h by centrifugation (5000 rpm for 10min) and serum samples
were stored at −80 °C until tests content analysis or ELISA assay were
run. Sample collections and separations were performed according to
standard laboratory procedures.

2.2. ELISA analysis

Human serum osteocalcin (OCN), procollagen I N-Terminal Peptide
(PINP) and cross linked C-telopeptide of type I collagen (β-CTX) were
measured using a human OC/BGP ELISA Kit (E-EL-H1343c; Elabscience
Biotechnology, Biotechnology, Bethesda, MD, USA), a human PINP
ELISA Kit (E-EL-H0185c; Elabscience Biotechnology) and a human β-

CTX kit (E-EL-H0960; Elabscience Biotechnology) according to the
manufacturers' instructions.

2.3. Animals

The Southern Medical University Animal Care and Use Committee
approved all procedures involving animals. The housing and breeding
of mice were conducted according to the guidelines for the ethical
treatment of animals. All the C57/BL6 mice and Sprague-Dawley (SD)
rats were given tap water and fed ad libitum, with a cycle of 12 h light
and 12 h darkness. Different animal models of osteoporosis were con-
structed.

Twenty 3-month-old C57/BL6 female mice were divided into two
groups (with an equal weight distribution): control group (Sham,
n=10) and ovariectomy group (OVX, n= 10). OVX group mice were
ovariectomized bilaterally and Sham group mice had their ovaries ex-
posed but not removed. All the mice were maintained for 3months.
Estrogen-depleted bone loss caused by decreased skeletal growth and
increased skeletal resorption was observed after three months post-
OVX. Successful ovariectomy was confirmed at necropsy by de-
termining atrophy of the uterine horns.

Twenty adult male SD rats (3.5 months old; weighing between 200
and 250 g) were weight-matched and housed in our animal facility.
These rats were divided into two groups: control group (CON, n=10)
and retinoic acid group (RA, n=10). All rats were treated by oral
gavage for 21 days. The control group received 0.5% sodium carbox-
ymethyl cellulose (70mg/kg), while the retinoic acid group was given
retinoic acid at 70mg/kg/d. The dosing was adjusted according to the
daily weight conditions [21].

As a model of senile osteoporosis, ten C57/BL6 male mice were
housed in our animal facility until they reached 20months of age (aged
group). Adult mice (6months, n= 10) were used as the control group.

Body weights were checked weekly throughout the entire experi-
mental period. All animals were sacrificed under general anesthesia
with pentobarbital sodium and blood samples were collected by cardiac
puncture for serum isolation. Serum was separated by centrifugation at
3000×g for 10min and stored at−80 °C for further analysis. Right and
left femora and tibiae and crania were harvested and cleaned of all non-
osseous tissue for further analysis.

2.4. Microcomputed tomography (micro-CT) analysis

BMD measurement was performed in the femora of narcotized mice
on a micro-CT Scanner (Viva CT40; Scanco Medical AG, Bassersdorf,
Switzerland) as previously described [22]. Three regions were eval-
uated: cortical bone in the mid-diaphysis, secondary spongiosa in the
distal metaphysis and the entire femur (Supplementary Fig. S1D). We
started morphometric analysis at the first slice in which the femoral
condyles were fully merged and extended for 100 slices proximally. The
three-dimensional structure and morphometry were constructed and
analyzed to obtain bone volume/tissue volume (BV/TV, %), BMD (mg
HA/ccm), trabecular number (Tb.N., mm−1), trabecular thickness
(Tb.Th, mm) and trabecular separation (Tb.Sp, mm). We also per-
formed micro-CT imaging in the mid-diaphysis of the femur and per-
formed mid-shaft evaluation of 100 slices to quantify the cortical
thickness, bone mineral density and outer/inner perimeter of the mid-
shaft.

2.5. Animal serum biochemical analysis

Serum biochemical analysis was carried out using a Catalyst Dx®
Chemistry Analyzer. Serum levels of alkaline phosphatase (ALKP),
phosphate (Phos), calcium ions (Ca), sodium (Na), potassium ions (K)
and chloride ions (Cl) were determined. The methodology and reagents
used were recommended by the manufacture of that system.
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2.6. Animal bone preparation

Femora and tibiae dissected from the mice or rats were defleshed
and rinsed thoroughly with PBS. Almost all of the cells, including bone
marrow and cells on the trabecular surface were washed away. So, the
intracellular citric acid in bone tissue is negligible. The bones were then
defatted by soaking in a 1:1 v/v mixture of chloroform and ethanol for
about 1 h as described previously [3, 23]. Next, the cleaned, defatted
bone samples were powdered in a liquid nitrogen-cooled grinding de-
vice and reduced to particles < 10 nm in diameter. A 50mg aliquot of
the powder was placed in a 10mL centrifuge tube to which was added
2mL of 1.0M HCl, and the tube was set in a water bath held at 60 °C for
1 h. The above procedure dissolves the hydroxyapatite component of
the bone and liberates bound citrate into the solvent phase. The samples
were then brought to pH 5 by drop wise addition of 1M KOH. After
centrifuging at 1200×g for 5min, the clear supernatant was decanted
into a fresh tube and stored at 4 °C until analysis of citrate content.

2.7. Determination of citrate content

Serum samples were deproteinized using a deproteinizing sample
preparation kit (K808-100; Biovison, Zurich, Switzerland) according to
the manufacturer's instructions before citrate content determination.
Using this kit, serum proteins which might cause erratic readings were
precipitated by perchloric acid (PCA), then excess PCA was removed
and samples were neutralized.

Citrate content was determined using a citrate colorimetric assay kit
(K655-100; Biovision) according to the manufacturer's instructions,
which converts the pyruvate from an almost colorless probe to an in-
tensely colored product to allow quantification.

2.8. Histological examination, tartrate-resistant acid phosphatase (TRAP)
and immunohistochemical analysis

Femoral bone tissues were obtained from each group. After fixing in
4% paraformaldehyde in PBS at 4 °C for 24 h, femoral bones were
decalcified in 15% EDTA decalcifying solution on a shaker for 2 weeks.
The decalcified and dehydrated femoral bone tissues were then em-
bedded in paraffin and cut into 3 μm sections. Hematoxylin and Eosin
(H&E) staining was performed as previously described [24] and TRAP
staining was conducted according to the manufacturer's instructions.

Immunohistochemical analysis was carried out using an antibody
against mouse osteocalcin (ab93876, 1:200, Abcam, Cambridge, UK).
All sections were observed and photographed on an Olympus BX51
microscope. TRAP and immunohistochemical staining was evaluated by
counting the number of stained cells. Osteoblasts/osteoclasts on the
bone surface were discerned by morphology and calculated by two
independent observers blinded to the groups as described previously
[24].

2.9. Cell culture

The mouse preosteoblastic cell line MC3T3-E1, human prostate
cancer cell lines PC-3 and LNCap, Rattus norvegicus kidney cell line
NRK-52e, mouse testis sertoli cell line TM-4, mouse chondrogenic cells
ATDC5 and human embryonic kidney cell line HEK293 were main-
tained in Alpha Minimum Essential Medium (α-MEM, Dow Corning
Corp., Midland, MI, USA) or Dulbecco's Modified Eagle Medium
(DMEM, Dow Corning) supplemented with 10% FBS (Dow Corning),
100 U/mL penicillin, and 100mg/mL streptomycin sulfate, at 37 °C
with 5% CO2. For citrate secretion analysis, cells were seeded in 24-well
plates at a density of 2.5× 105 cells/well.

Primary osteoblasts/chondrocytes were prepared from the calvaria/
costicartilage of 3-day-old neonatal mouse pups as described previously
[25, 26] and cultured as described above. Mesenchymal stem cells
(MSCs) were isolated from the bone marrow of 8-week-old C57/BL6

mice using standard protocols. Briefly, cells were washed twice with
sterile PBS and seeded into six-well plates. After 3 days, non-adherent
cells were removed, and the remaining adherent cells expanded until
they reached 90% confluence and then used at passage 3 [25].

For osteogenic differentiation, MC3T3-E1 cells and bone mesench-
ymal stem cells (BMSCs) were seeded into 24-well plate at a density of
2.5× 105 cells/well and induced to differentiate with complete
medium supplemented with 100 μg/mL L-ascorbate phosphate (Sigma-
Aldrich, St Louis, MO, USA) and 10mM β-glycerophosphate (Sigma-
Aldrich) [27]. Cell supernatant was collected at various time-points (0,
7 and 15 days) for citrate content analysis and cells were lysed and
collected for Western blotting or aconitase activity analysis. Those ex-
periments were repeated for at least 3 times. To eliminate the erratic
readings caused by proteins in FBS and pyruvate, citrate content in cell
supernatant was evaluated in cells incubated with medium without FBS
and pyruvate sodium for 6 h. Aconitase activity was determined using
aconitase activity colorimetric assay kit (K716–100; Biovision) ac-
cording to the manufacturer's instructions.

2.10. Western blotting

Protein extracts from cells were prepared in 2× SDS lysis buffer
containing β-mercaptoethanols. Protein extracts were subjected to 10%
SDS-PAGE, and the separated proteins were transferred to ni-
trocellulose membranes [24]. Then, the membranes were blocked with
5% non-fat milk (w/v, in Tris Buffered Saline (TBS) containing 0.1%
Tween 20) and incubated with specific primary antibodies, including
anti-citrate synthase (1:4000), anti-ZIP1 (1:1000), anti-CTP (1:2000),
anti-Runx2 (1:2000) and anti-α-tubulin (1:8000). After overnight in-
cubation, the membranes were incubated with corresponding sec-
ondary antibodies at room temperature for 1 h and visualized by en-
hanced chemiluminescence.

2.11. Statistical analysis

Data were analyzed using SPSS software (SPSS 20.0, IBM Corp.,
Armonk, NY, USA). All results are presented as the mean ± SD. The
parametric variables were compared using Student's-test or one way
ANOVA. Curve analysis was determined using GraphPad Prism 7.0.
Partial correlation was used to analyze the relationship between BMD,
BMI, gender age, serum OCN, serum PINP, serum β-CTX and citrate.
The level of significance was set at P < 0.05.

3. Results

3.1. Citrate content of bone is reduced in osteoporotic mice and rats

In order to identify if the amount of citrate changes in various bone
loss-related diseases, we established several osteoporosis animal
models. Surgery-induced estrogen loss for 3months caused a marked
atrophy of the uterus (Supplemental Fig. S1A) and a significant increase
of body weight in mice (Supplemental Fig. S1B). Quantitative micro-CT
analysis of histomorphometric parameters of the distal femur showed a
marked decrease in femoral BMD (Fig. 1A), cancellous BV/TV, Tb.N,
Tb.Th, and outer perimeter of the cortical bone, as well as a significant
increase in Tb.Sp (Supplemental Fig. S1C and D). OVX mice also ex-
hibited thinning and disconnection of trabeculae (Supplemental Fig.
S2A), and enhanced bone resorption and bone formation, characterized
by significant increments of osteoclast and osteoblast surface and
numbers (Supplemental Fig. S2B and C). Femora and tibiae of Sham
and OVX mice were dissected and subjected to citrate content analysis
as described in Materials and methods. Interestingly, citrate content per
gram of bone tissue from OVX mice was markedly reduced compared
with that of Sham control mice (Fig. 1B).

We further assessed bone citrate content in retinoic acid (RA)-in-
duced osteoporotic rats. Micro-CT analysis demonstrated significant
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loss of bone density in the tibiae and femora of retinoic acid-treated rats
(Fig. 1C). Consistent with the OVX mice, the bone citrate content was
significantly reduced in these osteoporotic rats (Fig. 1D). Taken to-
gether, these results demonstrate that, concomitant with bone loss, ci-
trate content in bone is markedly decreased in osteoporotic mice and
rats.

3.2. Citrate content in bone is reduced in aged mice

Senile osteoporosis accounts for 20% of cases of primary osteo-
porosis and is mostly associated with cortical bone, predisposing older
women and men to hip fractures [28, 29]. We sought to determine
whether the citrate level in bone is reduced during age-related bone
loss. Femora from aged (20-month-old) and adult (6-month-old) mice
were subjected to micro-CT analysis (Fig. 2A). The aged mice exhibited
histopathological findings of osteoporosis, including significant thin-
ning of cortical bone and pronounced diminutions of trabecular bone
(Supplemental Fig. S3A and B). The numbers of osteoclasts and

osteoblasts were also dramatically decreased in aged mice, as shown by
TRAP staining and osteocalcin staining, respectively (Supplemental Fig.
S3C-E). We further evaluated the citrate content in femora and tibiae of
adult and aged mice. As expected, there was a significant decrease in
the citrate content of bone from senile osteoporotic mice (Fig. 2B).
These findings suggest that citrate content in bone decreases with age-
related bone loss.

3.3. Plasmic citrate level is reduced in osteoporotic and aged mice and rats

Bones are the main storage site of citrate as well as calcium in the
body [1], but the role of bone citrate in the homeostatic regulation of
citrate is unknown. It is therefore important to evaluate the plasma
citrate concentration during age-related as well as estrogen-deficiency-
induced bone loss. We first examined serum Ca, Na, K, Cl, Phos, ALKP
and β-CTX concentrations in Sham and OVX mice. Apart from an in-
crease in ALKP and β-CTX level, no significant changes of those bio-
chemical parameters were observed in OVX mice compared with those

Fig. 1. Citrate content in bone is reduced in os-
teoporotic mice and rats. (A) Bone mineral density
(BMD) of cancellous bone and cortical bone of OVX
and Sham mice (*P < 0.05). (B) Citrate content in
bone of OVX and Sham mice were determined.
Citrate content per gram of bone tissue from OVX
mice was markedly reduced (*P < 0.05). (C)
Cancellous and cortical BMD of retinoic acid (RA)
treated rats and control rats (CON). RA treated rats
showed markedly reduced BMD. (D) Citrate con-
tent determination. Citrate content per gram of
bone tissue from RA-treated rats contained mark-
edly reduced citrate. Error bars in bar graphs are
SEM. *P < 0.05, n=10 for each group.

Fig. 2. Citrate content in bone is reduced in aged mice. (A) BMD of cancellous bone and cortical bone of aged mice and adult mice. (B) Citrate content of bones from
senile osteoporotic mice showed a significant decrease. *P < 0.05.
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of Sham mice (Fig. 3A). The deproteinized serum was then subjected to
citrate analysis. We found that plasmic citrate concentration in OVX
mice was significantly lower than that in the Sham group (Fig. 3B).
Similar results were found in serum samples of aged mice and retinoic
acid-induced osteoporotic rats (Fig. 3C–F). Those results reveal the
pathophysiological decrease in plasma citrate concentrations that de-
velops specifically during the process of bone diminution. Bone citrate
may be an important component of the homeostatic maintenance of
circulating citrate.

3.4. Plasmic citrate level is reduced in senile osteoporotic patients

In order to determine whether serum citrate concentration is af-
fected by age-related bone loss in humans, healthy young volunteers
(aged at 18.8 ± 0.7) and elderly patients (aged at 64.5 ± 3.9) were
recruited and the characteristics of the volunteers and patients are
shown in Table 1. Serum citrate concentration in aged males was
drastically reduced compared with young healthy males

Fig. 3. Serum citrate concentration of osteoporotic mice and rats was decreased compared to control. (A, C, E) Serum biochemistry analysis of OVX and Sham mice
(A), aged and adult mice (C) and RA treated rats (E). (B, D, F) Serum citrate concentration of OVX and Sham mice (B), aged and adult mice (D) and RA-treated rats
(F). *P < 0.05, n=10 for each group.

Table 1
Characteristics of the young volunteers and aged subjects.

Young (n= 120) Aged (n= 120)

Age (year) 18.8 ± 0.7 (18–20) 64.5 ± 3.9 (60–70)⁎

Gender Male Male
Height (cm) 173 ± 4 154 ± 9⁎

Weight (kg) 72.32 ± 9.34 53.76 ± 12.57⁎

BMI (kg/m2) 24.26 ± 5.13 22.66 ± 4.39
Serum citrate (mM) 177.82 ± 98.88 32.1 ± 14.15⁎⁎

Serum OCN (ng/mL) 16.21 ± 3.12 10.39 ± 4.64⁎

Serum PINP (ng/mL) 65.23 ± 13.61 71.65 ± 19.28
Serum β-CTX (pg/mL) 923.85 ± 107.25 444.08 ± 348.95⁎⁎

Fracture history (number) 0 120

⁎ P < 0.05.
⁎⁎ P < 0.01, compared with young volunteers.
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(32.1 ± 14.15mM vs 177.82 ± 98.88mM). Accordingly, serum os-
teocalcin levels (10.39 ± 4.64 ng/mL vs 16.21 ± 3.12 ng/mL,
P < 0.05) and β-CTX (444.08 ± 348.95 pg/mL vs
923.85 ± 107.25 pg/mL, P < 0.0001) of aged males were also lower
than those of young healthy males.

In order to further analyze the correlation between BMD and plasma
citrate, the baseline characteristics of the 87 subjects (25 males and 62
females) are shown in Table 2. Serum citrate level positively correlated
with total hip BMD (r=0.457, P < 0.001, Fig. 4A) and lumbar spine
BMD (r=0.610, P < 0.001, Fig. 4B). However, the association be-
tween serum OCN (r=0.246, P=0.054 > 0.05), PINP (r=0.135,
P > 0.05) or β-CTX (r=−0.198, P > 0.05) and serum citrate content
was not significant (Fig. S4A–C). In addition, no significant difference
was found in serum citrate level of different age groups categorized by
gender (Table S1).

3.5. Osteoblasts are highly specialized cells that produce citrate

In typical cell metabolism, citrate that is synthesized is essentially
utilized by its oxidation via the Krebs cycle or as the cytosolic source of
acetyl CoA; so that high citrate accumulation does not occur and in-
tracellular citric acid is hardly detectable [30]. It has been shown that
prostatic epithelium cells are highly specialized to produce and release
high concentrations of citrate during their normal secretory function
[31, 32]. In vitro differentiated osteoblasts are capable of net citrate

production in contrast to undifferentiated MC3T3-E1 cells [33]. To
investigate whether osteoblasts are the main source of citrate in bone,
citrate released in supernatants of several cell lines and primary cul-
tured cells were evaluated. As for NRK-52e (rat kidney epithelial cells),
TM-4 (mouse sertoli cells), LNCap (prostate cancer cells), HEK293
(human embryonic kidney 293 cells) and ADTC5 (murine chondrogenic
cells), citrate production in culture supernatants was barely detectable.
However, citrate production was detected in supernatants of PC-3
(prostate cancer cells), MC3T3-E1 cells (osteoblast-like cells), primary
osteoblasts and chondrocytes (Fig. 5A). Importantly, citrate in the su-
pernatants increased with the osteoblastic differentiation of BMSC and
MC3T3-E1 cells (Fig. 5C and D). Notably, because only 6 h of citrate
release from the examined cells was examined as described in Materials
and Methods, the measured concentrations of citrate in the culture
supernatant were relatively low.

Several proteins involved in the citric acid cycle including SLC39A1
(ZIP1) and mitochondrial aconitase (m-acon) have been shown to play
essential roles in net citrate production in prostate epithelial cells [8,
34], while mitochondrial citrate carrier (CIC, SLC25A1) shuttle mi-
tochondrially synthesized citrate to the cytoplasm. To further confirm
the citrate production specialty of osteoblasts, the expressions of citrate
synthase (CS), CIC and ZIP1 were analyzed during osteoblast differ-
entiation. As shown in Fig. 5E, citrate synthase, CIC and ZIP1 levels
were markedly enhanced in differentiated osteoblasts, especially after
induction for 7 days. In contrast, m-acon activity was decreased during
the osteogenic differentiation of MC3T3-E1 cells, which resulted in
reduction of citrate oxidation and increase of citrate secretion (Fig. 5B).
These results further support the hypothesis that osteoblasts might be
the specialized cells secreting citrate in bone.

4. Discussion

Although it has long been known that citrate is accumulated in
bone, the origin of the citrate in bone and its role in the development,
maintenance and pathology of bone is unknown. In this study, we de-
monstrate that citrate content is markedly reduced in osteoporotic
bone. Plasmic citrate level is also reduced in animals and humans with
bone loss, and correlates with lumbar spine and hip BMD in patients
with osteoporosis. Osteoblastic cells are capable of producing citrate in
vitro. Our findings establish a correlation between bone citrate content
and osteoporosis, suggesting a critical role of bone citrate in the
maintenance of the citrate balance in circulation, and implying that
osteoblasts are the highly specialized cells that produce citrate in bone.

Table 2
The baseline characteristics of the 87 subjects.

Male (n= 25) Female (n=62)

Age (year) 65.44 ± 12.16 70.61 ± 11.63⁎

Height (cm) 160.88 ± 9.17 152.27 ± 7.66⁎

Weight (kg) 57.36 ± 13.66 53.63 ± 11.66
BMI (kg/m2) 21.98 ± 3.76 23.18 ± 4.62
Total hip BMD 0.74 ± 0.15 0.61 ± 0.16⁎

lumbar BMD (L1-L4) 1.07 ± 0.31 0.89 ± 0.2⁎

Serum citrate (mM) 43.21 ± 15.05 37.80 ± 16.65⁎

Serum OCN (ng/mL) 9.59 ± 3.26 10.62 ± 4.32
Serum PINP (ng/mL) 43.26 ± 10.23 40.39 ± 9.13
Serum β-CTX (pg/mL) 355.49 ± 48.64 418.74 ± 139.59⁎

Fracture history (number) 13 26
T score < −2.5 (number) 8 24
−2.5 < T score < −1 (number) 4 19

⁎ P < 0.05, compared with male.

Fig. 4. Serum citrate content correlated positively with BMD. (A) Positive correlation between serum citrate content and BMD of the lumbar spine (r=0.610,
P < 0.001). (B) Positive correlation between serum citrate content and BMD of the hip (r=0.457, P < 0.001).
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Serum citrate level may thus represent a marker for age-related or es-
trogen deficiency-induced bone loss.

Bone strength is determined by two properties: bone material
composition and bone structure design [35, 36]. Since Dickens et al.
reported the presence of high citrate concentrations in bone tissue in
1941 [1], the special functions of citrate in bone have received con-
siderable attention. By the use of multinuclear magnetic resonance
(NMR) analysis and distance measurements, Schmidt-Rohr and collea-
gues quantitatively analyzed citrate on the bone surface [3]. As a bound
component of the apatite nanocomposite-collagen complex, citrate ac-
counts for 5.5 wt% of the organic matter in bone [37, 38]. Davies et al.
proposed a new structure for bone mineral in which citrate anions in
hydrated layers formed bridges between mineral platelets, which can
explain a number of known structural features of bone mineral [13]. At
the molecular level, strongly bounded citrate molecules are found to
form complexes with surface Ca2+ ions, which significantly decrease
the surface hydrophilicity [14]. Moreover, in vitro study reveals that
high level of citrate can effectively facilitate the intrafibrillar formation

of hydroxyapatite to produce an inorganic-organic composite [15].
Thus, citrate in bone is not a dissolved calcium-solubilizing agent but a
strongly bound, integral component of the apatite nanocrystal, which
imparts important biomechanical properties and interfacial compat-
ibility to the bone such as its stability, strength, and resistance to
fracture [12, 14, 15, 39].

Bone loss as a result of aging and/or estrogen deficiency is the
predominant pathophysiologic disorder of primary osteoporosis [20].
Bone fracture is much more frequently seen in osteoporotic patients,
especially in aged people of both sex and in post-menopausal women.
The proposed structural and functional roles of citrate in bone raised
new questions: is the citrate component reduced in osteoporotic bone or
is citrate reduction related to bone loss? In this study, we used several
osteoporosis animal models including senile, retinoic acid-induced and
postmenopausal mice and rats to show that citrate content was mark-
edly reduced in osteoporotic bone. During osteoporosis, an imbalance
occurs between bone formation (osteoblasts) and resorption (osteo-
clasts) as well as an impairment of mesenchymal stem cells (MSC)

Fig. 5. Osteoblasts are the specialized cells in bone that produce citrate. (A) Citrate production in supernatants of different cell types. (B) Mitochondrial aconitase (m-
acon) and cellular aconitase (c-acon) activity of MC3T3-E1 cells during osteogenic differentiation. Citrate production in cell supernatant during osteoblastic dif-
ferentiation of BMSCs (C) and MC3T3-E1 cells (D). (E) Western blotting analysis of citrate synthase, ZIP1 and CIC expression during osteoblastic differentiation of
MC3T3-E1 cells. Pri-ob, primary osteoblasts. Pri-chon, primary chondrocytes. *P < 0.05.
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commitment towards osteoblasts, in favor of adipocytes [40, 41]. On
the one hand, the imbalance between bone formation and resorption
may reduce citrate synthesis by osteoblasts. On the other hand, MSC
differentiation towards adipocytes requires more citrate as a source of
cytosolic acetyl CoA for fatty acid synthesis for lipid biosynthesis [42].
Those pathological conditions linked to osteoporosis may result in a
decrease in citrate production in osteoporotic bones, which conse-
quently may reduce citrate incorporation into the structure of bone. The
crystallinity of osteoporotic bone mineral and biomechanical properties
of bone thus change, which may compromise bone strength and cause
fragility fractures in the osteoporotic population. Taken together, al-
though the role of citrate deficiency in osteoporosis remains to be fur-
ther investigated, our findings suggest that loss of citrate in bone may
contribute to osteoporosis-related bone fracture. Notably, there is a
difference in bone tissue and serum citrate content between rats and
mice. However, the reasons or mechanisms causing the difference be-
tween species are yet unclear, further research will be carried out.

It has been long recognized that normal human prostate epithelial
cells secrete extraordinarily high levels of citrate [30, 43]. It is achieved
by a high intracellular zinc level which can inhibit m-acon activity.
Consequently, limited m-acon minimizes citrate oxidation via the Krebs
cycle, contributing to citrate accumulation in prostate epithelial cells
which is then secreted into human prostate fluid [34, 44, 45]. As in the
prostate, bone also contains high levels of zinc along with high citrate
levels, but the source of citrate in bone is unclear. Costello et al. pro-
posed a concept of “osteoblast citration”, proposing that osteoblasts act
as specialized citrate-producing cells during bone formation [33]. In
this study, citrate production was observed in osteoblasts but not in
many other cells, and its production increased with the osteoblastic
differentiation of BMSC and MC3T3-E1 cells. Importantly, we found
that the expressions of citrate synthase, ZIP1 and CIC were elevated,
while the activity of m-acon was reduced during osteogenic differ-
entiation of MC3T3-E1 cells. Those in vitro findings confirm the meta-
bolic changes favoring citrate producing during osteogenic differ-
entiation, suggesting that osteoblasts are highly specialized cells that
produce citrate. Further studies are needed to identify whether osteo-
blasts are responsible for producing bone citrate in vivo.

It is well established that zinc has an active role in bone metabolism,
and zinc deficiency has been implicated as a risk factor in the devel-
opment of osteoporosis [46]. Compared to normal controls, zinc levels
in serum and bone tissue of patients with senile osteoporosis are lower
[47]. Lower serum zinc levels have also been reported in women with
postmenopausal osteoporosis [48]. Zn deficiency in osteoporosis may
be another reason for the low citrate abundance in osteoporotic bone
tissue. Whether zinc replenishment by dietary zinc supplementation
would be of value in restoring the production of citrate in bone war-
rants further study.

Another intriguing finding of this study is that serum citrate level
positively correlates with BMD of two specific skeletal regions: lumbar
spine and hip. A high correlation between BMD and bone strength, or
BMD and fracture risk has been reported [49, 50]. However, BMD at
one site might not predict systemic bone strength or fracture risk. We
found that a significantly positive correlation between serum citrate
level and BMD at two sites, suggesting citrate may be a good marker for
bone loss and osteoporotic fracture. Serum citrate level in young
healthy males is significantly higher than that of aged males. Serum
citrate is also drastically reduced in osteoporotic animals. As indicated
above, osteoblasts are the specialized cells in bone that produce citrate.
We propose that osteoblasts and bone tissue might act as a citrate pool.
Besides incorporating and limiting the size of the apatite nanocrystals,
bone citrate may play a critical role in maintaining the citrate balance
of the circulation. Serum citrate level may thus represent a marker for
bone loss-related diseases such as senile and postmenopausal osteo-
porosis.
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