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Curcumin Reduces Trabecular and Cortical Bone in Naive
and Lewis Lung Carcinoma-bearing Mice
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Abstract. The present study investigated the effects of
curcumin on bone microstructure in non-tumor-bearing and
Lewis lung carcinoma-(LLC)-bearing female C57BL/6 mice.
Morphometric analysis showed that dietary supplementation
with curcumin (2% or 4%) significantly reduced the bone
volume to total volume ratio, connectivity density and
trabecular number, and significantly increased the structure
model index (an indicator of the plate- and rod-like geometry
of trabecular structure) and trabecular separation in
vertebral bodies compared to controls in both non-tumor-
bearing and LLC-bearing mice. Similar changes in
trabecular bone were observed in the femoral bone in
curcumin-fed mice. Curcumin significantly reduced the
cortical bone area to total area ratio and cortical thickness
in femoral mid-shaft, but not in vertebral bodies, in both
non-tumor-bearing and LLC-bearing mice. Curcumin feeding
reduced plasma concentrations of osteocalcin and increased
tartrate-resistant acid phosphate 5b in mice regardless of the
presence of LLC, indicating that curcumin disrupts the
balance of bone remodeling. Our results demonstrated that
curcumin reduced the trabecular bone volume and cortical
bone density. The skeleton is a favored site of metastasis for
many types of cancers, and curcumin has been investigated
in clinical trials in patients with cancer for its
chemopreventive effects. Our results suggest the possibility
of a combined effect of cancer-induced osteolysis and
curcumin-stimulated bone loss in patients using curcumin.
The assessment of bone structural changes should be
considered for those who participate in curcumin clinical
trials to determine its effects on skeleton health, particularly

for those with advanced malignancies.
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Curcumin [(1E,6F)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione], commonly known as turmeric, is a
phenolic compound derived from the Curcuma longa plant.
Curcumin has been traditionally used in Ayurvedic medicine
for its antiinflammatory (1), antioxidant (2) and antimicrobial
(3) therapeutic properties. In recent years, curcumin has been
reported to have anticancer activities (4, 5). In a previous
study, we found that dietary supplementation with curcumin
does not reduce spontaneous metastasis of Lewis lung
carcinoma (LLC) to lungs of mice, but it significantly
enhances the growth of pulmonary metastases (6). These
observations raise a concern about the use of curcumin as a
chemopreventive agent for treatment of patients with advanced
cancer (7-11).

Other concerns about the clinical use of curcumin are its
effects on normal organ functions. Available studies have
suggested that curcumin may have bone-protective effects. In
vitro studies showed that curcumin promotes apoptosis and
inhibits bone resorption by rabbit osteoclasts (12) and inhibits
osteoclastogenesis in murine cells induced by receptor
activator of nuclear factor kB ligand (RANKL) (13). Animal
studies showed that curcumin feeding can increase trabecular
bone mass and improve bone mineral density in adult
APP/PS1 transgenic mice (14) and reduce ovariectomy-
induced bone loss in rats (15, 16). This suggests that
curcumin might be useful in prevention and treatment of
osteopenia and osteoporosis. However, from a preliminary
analysis of randomly selected bones in our previous study (6),
we found that trabecular bone volume in distal femurs was
reduced in mice on curcumin-supplemented diets
(unpublished data). This raises a concern about the safety of
curcumin treatment in patients with advanced cancer who are
often at the risk of bone metastasis, e.g. those who participate
in curcumin cancer prevention clinical trials (7-11) and about
the possible detrimental interaction of malignancy with
curcumin on skeleton deterioration. The hypothesis tested in
the present study was that dietary supplementation with
curcumin reduces bone microstructure in mice. To test this
hypothesis, we conducted a morphometric analysis of
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vertebral bodies and femurs collected from non-tumor-
bearing mice fed curcumin-supplemented diets. We also
examined the microstructure of bones from LLC-bearing
mice collected from our previous study (6).

Materials and Methods

This study was approved by the Animal Care and Use Committee
of the Department of Agriculture, Agricultural Research Service
(USDA, ARS), Grand Forks Human Nutrition Research Center
(approval number: YANO15). The procedures followed the National
Institutes of Health guidelines for the care and use of laboratory
animals (17).

Animals and diets. Three-week-old female C57BL/6 mice (Harlan,
Madison, WI, USA) were housed 3-4 per box, in wire-topped plastic
boxes, in a pathogen-free room on a 12:12-hour light-dark cycle at
22+1°C. Three diets were compared: the AIN93G control diet (18)
and that diet supplemented with 2% or 4% curcumin (w/w; purity
95%; PureBulk, Roseburg, OR, USA; Table I). All diets were
presented in powdered form. Mice had free access to food and
deionized water. The animals were weighed weekly.

Experimental design. All mice were maintained on the AIN93G diet
for three weeks before the experimental feeding. In the experiment
without LLC, mice were maintained on experimental diets for seven
weeks. In the experiment with LLC (6), mice were subcutaneously
injected with LLC cells after five weeks on curcumin diets. Ten
days after the injection, the primary tumor was surgically removed,
and the mice were maintained on their respective diets for an
additional 10 days before the termination of the experiment (6). In
both experiments, body composition analysis of fat and lean mass
was performed on conscious, immobilized mice using quantitative
magnetic resonance (Echo whole-body composition analyzer, Model
100; Echo Medical System, Houston, TX, USA) after five weeks of
curcumin feeding. In the experiment without LLC, food intake and
fecal excretion (n=6 per group) were recorded five days per week
for three weeks from the fourth week of the experimental feeding.

Caloric intake. The gross energy of experimental diets and feces
was quantified using bomb calorimetry (Model 6200, Oxygen Bomb
Calorimeter; Parr Instrument, Moline, IL, USA). Daily caloric
intake (kcal/d) was calculated by subtracting fecal caloric excretion
(fecal caloric content x fecal excretion) from dietary caloric intake
(diet caloric content x food intake).

Bone evaluation. At the end of each experiment, mice were injected
intraperitoneally with a mixture of ketamine and xylazine. Vertebral
columns (from 10th or 11th thoracic vertebra to sacrum) and right
femurs were collected and stored in phosphate-buffered saline for
microtomographic analysis of trabecular and cortical bone, and
plasma was collected for measurement of osteocalcin and tartrate-
resistant acid phosphatase 5b (TRAP 5b). Femurs were cleaned for
physical measurements before microcomputed tomographic
analysis. Femoral lengths and mid-shaft widths in both the medial-
lateral and anterior-posterior axes were measured using an electronic
digital caliper (Fred V. Fowler Company, Newton, MA, USA).
Lumbar vertebral bodies and right femurs were evaluated for
trabecular and cortical bone structural properties using high-
resolution (12-um slice increment) microcomputed tomography
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Table 1. Composition of the experimental diets!.

Control 2% Curcumin 4% Curcumin

Corn starch 395.8 3958 395.8
Casein 200 200 200
Dyetrose 132 132 132
Sucrose 100 100 100
Corn oil 70 70 70
Cellulose 50 50 50
Mineral mix, AIN93G 35 35 35
Vitamin mix, AIN93G 10 10 10
L-Cystine 44 44 44
L-Methionine 0.3 0.3 0.3
Choline bitartrate 2.5 2.5 2.5
t-Butylhydroquinone 0.014 0.014 0.014
Curcumin 0 20 40
Total 1,000 1,020 1,040
Gross energy (kcal/g)

Calculated? 3.82 3.88 3.94
Measured 433 442 441

!Nutrient dilution factor is 1.96% and 3.85% for 2% and 4% curcumin
diets, respectively. 2Reference (41).

(WCT-40; Scanco Medical, Basserdorf, Switzerland) with a x-ray
source power of 55 keV and 145 pA and integration time of 300 ms.
A fixed threshold of 275 was used to extract mineralized bone from
soft tissue and bone marrow. In vertebral bodies, trabecular and
cortical bone were analyzed along the entire cranial-caudal axis of
the fourth lumbar vertebrae. In distal femurs, trabecular bone was
evaluated in 125 slices (1.5 mm) of the metaphysis proximal to the
distal growth plate, and mid-shaft cortical bone was evaluated in 100
slices (1.2 mm).

The total volume (TV, mm3), bone volume (BV, mm3), bone
volume to total volume ratio (BV/TV, %), connectivity density
(Conn.D, 1/mm3), structure model index (SMI, an indicator of the
plate- and rod-like geometry of trabecular structure), trabecular
number (Tb.N, 1/mm), trabecular thickness (Tb.Th, mm) and
trabecular separation (Tb.Sp, mm) were measured for trabecular bone
in both vertebral bodies and distal femurs. For cortical bone, total
cross-sectional area (Tt.Ar, mm?), cortical bone area (Ct.Ar, mm?),
cortical bone area to total area ratio (Ct.Ar/Tt.Ar, %) and cortical
thickness (Ct.Th, mm) were computed from vertebral bodies and the
femoral mid-shaft.

Quantification of plasma osteocalcin and TRAP 5b. Plasma
concentrations of osteocalcin (Biomedical Technology, Stoughton,
MA, USA) and TRAP 5b (Immunodiagnostic Systems, Scottsdale,
AZ, USA) were quantified using sandwich enzyme-linked
immunosorbent assay kits following the manufacturers’ protocols.
Samples were read within the linear range of the assay, and the
accuracy of the analysis was confirmed using the controls provided in
each assay kit. The lower limit of detection was 1 ng/ml and 0.1 U/l
and the lower limit of quantification was 1.56 ng/ml and 0.3U/1 for
osteocalcin and TRAP 5b, respectively.

Statistical analyses. One-way ANOVA and Tukey contrasts were
used to compare differences among the groups. All data are
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Figure 1. Body-weight changes in non-tumor-bearing mice during the
experiment. One-way ANOVA and Tukey contrasts were performed to
compare differences among the control and the curcumin-fed groups.
The body weight of curcumin-fed groups was significantly lower than
that of the controls after seven weeks of curcumin feeding (p<0.05).
Values are means+=SEM (n=15 per group).

presented as means+SEM. Differences with a p-value of 0.05 or less
were considered significant. All statistical analyses were performed
using SAS software (version 9.3; SAS Institute, Cary, NC, USA).

Results

Dietary supplementation with 2% or 4% curcumin tended to
lower mean body weight compared to the controls in non-
tumor-bearing mice, and the difference was statistically
significant after seven weeks of curcumin feeding (p=<0.05;
Figure 1). There was no difference in lean body mass weight
among the groups (average 17.32+0.14 g). The percentage
fat mass was significantly lower (p<0.05) and the percentage
lean mass was significantly higher in curcumin-fed mice
compared to the controls (p<0.05; Table II). There was no
difference in food intake among the groups
(average=3.88+0.03 g/d). The net caloric intake was
depressed by curcumin feeding (p<0.05) which was due to
increases in fecal caloric excretion by curcumin feeding
(p=<0.05; Table II). There were no significant differences in
mean body weight and body composition among the
curcumin-fed and control groups in LLC-bearing mice (6).

There were no differences in femur length, medial-lateral
axis width (WML) and anterior-posterior axis width (WAP)
among the groups in either experiment. Average femur
length, WML and WAP were 14.96+0.03 mm, 1.82+0.01 mm
and 1274001 mm for non-tumor-bearing mice and
15.01+0.04 mm, 1.78+0.01 mm and 1.27+0.01 mm for the
LLC-bearing mice, respectively.

Curcumin supplementation caused changes in the
trabecular microstructure. In the vertebral body of non-
tumor-bearing mice, both 2% and 4% dietary curcumin

Table 1. Body composition and caloric intake of non-tumor-bearing
mice fed curcumin-supplemented diets.

Control 2% Curcumin 4% Curcumin
Fat body mass, % 16.69£1.292  11.94+0.82b  13.05+0.59b
Lean body mass, % 74.97+1.28b  80.02+0.763  78.47+0.632
Net caloric intake, kcal/d 16.34+0.192  15.33+0.17>  15.33+0.19b
Caloric excretion, kcal/d 1.24+0.02¢ 1.52+0.02b 1.95+0.032

Values (means+SEM) in the same row with different letters are
significantly different at p<0.05. N=15 for each value for fat body mass
and lean body mass, and n=6 for each value for net caloric intake and
caloric excretion.

significantly reduced BV/TV by 14% (p<0.05; Figure 2A),
Conn.D. by 16-22% (p=<0.05; Figure 2C) and Tb.N. by 6-8%
(p=0.05; Figure 2G); and caused increases of 22-24% in SMI
(p=<0.05; Figure 2E) and of 7-9% in Tb.Sp. (p=<0.05; Figure
2K) compared to the controls. Curcumin feeding caused
similar trabecular changes in lumbar vertebrae of LLC-
bearing mice (Figures 2B, 2D, 2F, 2H, 2L).

In the distal femur of non-tumor-bearing mice, dietary
supplementation with 2% and 4% curcumin reduced BV/TV
by 16-22% (Figure 3A) and Conn.D. by 23-33% (Figure
3C); the differences between the 2% curcumin and the
controls were at p<0.05. Both 2% and 4% curcumin
significantly reduced Tb.N. by 12-14% (p=<0.05; Figure 3G)
and significantly increased Tb.Sp. by 15-17% (p=<0.05;
Figure 3K) compared to the controls. In LLC-bearing mice,
4% curcumin significantly reduced BV/TV by 22% (p<0.05;
Figure 3B) and Tb.N. by 8% (p=<0.05; Figure 3H); while both
2% and 4% curcumin reduced Tb.Th. by 4-7% (p=<0.05;
Figure 3J) compared to the controls.

Curcumin supplementation did not affect vertebral cortical
bone neither in non-tumor-bearing nor LLC-bearing mice
(Figures 4A-D). At the femoral mid-shaft, both 2% and 4%
curcumin significantly lowered Ct.Ar/Tt.Ar. by 4-5%
(p=<0.05; Figure 4E) and Ct.Th. by 6% (p=<0.05; Figure 4G)
compared to the controls in non-tumor-bearing mice. In
LLC-bearing mice, 4% curcumin significantly reduced
Ct.Ar/Tt.Ar. by 4% (p=<0.05; Figure 4F) and Ct.Th. by 6%
(p=<0.05; Figure 4H) compared to the controls.

Dietary supplementation with 2% and 4% curcumin
reduced plasma concentrations of osteocalcin by
approximately 65% compared to the controls in non-tumor-
bearing mice (p=<0.05; Figure 5A) and by approximately
26% and 60%, respectively, in LLC-bearing mice (p=<0.05;
Figure 5B). Curcumin supplementation resulted in dose-
dependent increases of plasma TRAP 5b. Compared to the
controls, the increases were 7% and 17% for 2% and 4%
curcumin in non-tumor-bearing mice (p<0.05; Figure 5C)
and 14% and 35% in LLC-bearing mice (p<0.05, Figure
5D), respectively.
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Figure 2. Trabecular microstructural changes in the vertebral body of non-tumor-bearing (left column) and cancer-bearing mice (right column).
One-way ANOVA and Tukey contrasts were used to compare differences among the control and the curcumin-fed groups. Values (means+SEM) in each
panel with different letters are significantly different at p<0.05 (n=15 for each value). LLC: Lewis lung carcinoma; BV/TV: bone volume/total volume
ratio; Conn.D: connectivity density; SMI: structure model index; Tb.N: trabecular number; Tb.Th: trabecular thickness; Tb.Sp: trabecular separation.

Discussion

Morphometric analysis of trabecular bone demonstrated that
curcumin reduced BV/TV, Conn.D. and Tb.N. and increased
SMI and Tb.Sp. in both non-tumor-bearing and LLC-bearing
mice. Furthermore, analysis of the cortical bone showed that
curcumin reduced Ct.Ar/Tt.Ar and Ct.Th. in mice regardless
of LLC. These results indicate that dietary curcumin
supplementation reduces trabecular bone volume and cortical
bone density in C57BL/6 mice and that this effect is not due
to the presence of cancer.
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The reduction of bone volume in curcumin-fed mice was
associated with a decrease in plasma osteocalcin and an
increase in TRAP 5b. Bone remodeling is an adaptive
mechanism that controls bone mass and microachitecture
throughout life. It is accomplished by the coordinated,
coupled activity of bone resorption and formation.
Osteocalcin is a marker of bone formation (19, 20).
Changes in serum osteocalcin reflect the status of bone
formation in post-menopausal osteoporosis (21, 22), and
serum osteocalcin during the growth period is positively
correlated to the appositional rate, the rate of longitudinal
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Figure 3. Trabecular microstructural changes in the right femur of non-tumor-bearing (left column) and cancer-bearing mice (right column). One-
way ANOVA and Tukey contrasts were used to compare differences among the control and the curcumin-fed groups. Values (means+SEM) in each
panel with different letters are significantly different at p<0.05 (n=15 for each value). LLC: Lewis lung carcinoma; BV/TV: bone volume/total volume
ratio; Conn.D: connectivity density; SMI: structure model index; Tb.N: trabecular number; Tb.Th: trabecular thickness; Tb.Sp: trabecular separation.

bone growth, the rate of production of chondrocytes in
growth plate and the thickness of the growth plate in
animals (23). TRAP 5b is a marker of bone resorption (24,
25). The concentration of serum TRAP 5b has been shown
to correlate with osteoclast surface and osteoclast number
(26). Serum TRAP 5b activity is significantly elevated in
patients with osteoporosis, is inversely correlated with bone
mineral density (27), and is decreased after hormone
replacement therapy in post-menopausal women (24). Our
results suggest that curcumin-uncoupled bone resorption
and formation may be responsible for the bone loss
observed in curcumin-fed mice.

The present study, to our knowledge, is the first to
demonstrate that curcumin can have detrimental effects on
the trabecular and cortical bone. The skeleton is a major
target of malignant spread and osteolytic lesions involving
altered microachitecture and loss of cancellous bone are a
common consequence of metastasis to bone (28, 29).
Malignant cells most frequently affect those parts of the
skeleton that are well-vascularized, such as the axial
skeleton, the proximal ends of the long bones, vertebral
column and ribs (30). Curcumin has been investigated in
clinical trials in patients with cancer for its chemopreventive
effects (7-11). Our results raise a concern about the use of
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Figure 4. Cortical bone structural changes in the vertebral body and right femur of non-tumor-bearing (left column) and cancer-bearing mice (right
column). One-way ANOVA and Tukey contrasts were used to compare differences among the control and the curcumin-fed groups. Values
(means+SEM) in each panel with different letters are significantly different at p<0.05 (n=15 for each value). LLC: Lewis lung carcinoma;
V.Ct.Ar/Tt.Ar: vertebral cortical area/total area ratio; V.Ct.Th: vertebral cortical thickness; F.Ct.Ar/Tt.Ar: femoral cortical arealtotal area ratio;

F.Ct.Th: femoral cortical thickness.

curcumin in patients with advanced cancer who are often at
the risk of bone metastasis and regarding the possibility of
combined bone deterioration due to cancer-induced
osteolysis and curcumin-stimulated bone loss.
Metastasis-related angiogenesis and inflammation actively
contribute to osteolysis. For example, breast cancer-produced
vascular endothelial growth factor (VEGF) increases
osteoclast formation (31) and promotes osteoclastogenesis
(32). Myeloma-produced interleukin-1f3 (IL-1f) stimulates
bone resorption, and inhibition of /L-/3 mRNA expression in
myeloma cells suppresses myeloma-mediated bone resorption
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(33). Significant increases in plasma concentrations of
angiogenic factors (e.g. VEGF) and inflammatory cytokines
(e.g. IL-1P) in LLC-bearing mice (6) suggested that bone loss
in LLC-bearing mice might be caused, as least in part, by
cancer-related angiogenic and inflammatory activities.
However, the reduction in trabecular and cortical bone in
curcumin-fed non-tumor-bearing mice demonstrates that
curcumin-induced bone reduction is independent of LLC-
mediated angiogenic and inflammatory activities.

There are studies showing that curcumin improves bone
health in laboratory rodents. Hie er al. (34) reported that



Yan et al: Curcumin and Bone

No LLC With LLC
100 a - 100
A a B
E 751 ‘I‘ % 4 75
2 g
= B g
© 50+ -50 Q.
S b b =
g : H | @
& 251 =l 25 3
01 — — i
20+ a ~20
C ab = |D a
b Z =
E b
3 Bl >
ey ]
w0 10 10 o
o o
P =
o Y == = — Y Y to
1 1 I 1 | 1
Control 2% 4% Control 2% 4%
Curcumin Curcumin

Figure 5. Plasma concentrations of osteocalcin (A, B) and tartrate-resistant acid phosphatase 5b (TRAP 5b; C, D) in non-tumor-bearing (left
column) and cancer-bearing mice (right column). One-way ANOVA and Tukey contrasts were used to compare differences among the control and the
curcumin-fed groups. Values (means+SEM) in each panel with different letters are significantly different at p<0.05 (n=8-10 for each value). LLC:

Lewis lung carcinoma.

consumption of a 0.5% curcumin diet for 14 days reduced
bone resorption in rats with streptozotocin-induced diabetes.
Yang et al. (14) found that feeding APP/PS1 transgenic mice
with curcumin (0.6 g/kg) for three months improved bone
microstructure and enhanced mineral density. Two studies
showed that curcumin improved ovariectomy-induced bone
loss in rats (15, 16); others reported that curcumin does not
prevent bone loss in ovariectomized rats (35). The present
study was carried out with physiologically intact mice, and
curcumin feeding for a seven-week duration was initiated
when mice were six-weeks old. Thus, differences in animal
models, the levels of curcumin administered and the duration
of experimental feeding may contribute to the different
outcomes from these studies.

In the present study, curcumin was supplemented to the
diet at 2% and 4% levels. These levels are within the range

of 1% to 5% dietary levels that have been used in studies of
curcumin and cancer prevention (5, 36, 37). The fact that
curcumin feeding reduced body weight and body fat in non-
tumor-bearing mice was unexpected, although increases in
fecal caloric excretion explained these reductions. It does not
seem likely that curcumin-induced bone loss was due to a
decrease in body weight or caloric consumption because a
similar bone reduction was observed in cancer-bearing mice
in which curcumin feeding did not cause significant changes
in body weight compared to the AIN93G-fed controls (6).
Chemoprevention studies with laboratory animals revealed
that curcumin increases the incidence of intestinal carcinoma
(38), increases the multiplicity of chemically-induced lung
tumorigenesis (39) and enhances pulmonary metastatic growth
(6). Long-term studies regarding the efficacy and safety of
curcumin in laboratory rodents and particularly in humans are
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very limited (40). The present study demonstrated that dietary
curcumin supplementation reduced trabecular bone volume
and cortical bone density in mice regardless of the presence
of cancer. As the skeleton is a favored site of metastasis for
many types of cancers, results from the present study suggest
the possibility of a combined effect of cancer-induced
osteolysis and curcumin-stimulated bone loss in patients using
curcumin. The role of curcumin in skeletal health certainly
warrant further investigation, and bone assessments should be
performed on the participants of curcumin intervention trials,
particularly on those with advanced malignancies.

Conflicts of Interest
The Authors declare no conflict of interests.

Acknowledgements

The Authors gratefully acknowledge the assistance of the following
staff of the Grand Forks Human Nutrition Research Center: Lana
DeMars and Kay Keehr for technical support, James Lindlauf for
preparing experimental diets, and vivarium staff for providing high
quality animal care. This work was supported by the U.S.
Department of Agriculture, ARS, Research project 5450-51000-045-
00D. The U.S. Department of Agriculture, ARS, Northern Plains
Area, is an equal opportunity/affirmative action employer and all
agency services are available without discrimination. Mention of
trade names or commercial products in this article is solely for
providing specific information and does not imply recommendation
or endorsement by the U.S. Department of Agriculture.

References

1 Satoskar RR, Shah SJ and Shenoy SG: Evaluation of anti-
inflammatory property of curcumin (diferuloyl methane) in
patients with postoperative inflammation. Int J Clin Pharmacol
Ther Toxicol 24: 651-654, 1986.

2 Masuda T, Maekawa T, Hidaka K, Bando H, Takeda Y and
Yamaguchi H: Chemical studies on antioxidant mechanism of
curcumin: analysis of oxidative coupling products from
curcumin and linoleate. J Agric Food Chem 49: 2539-2547,
2001.

3 Negi PS, Jayaprakasha GK, Jagan Mohan Rao L and Sakariah
KK: Antibacterial activity of turmeric oil: a byproduct from
curcumin manufacture. J Agric Food Chem 47: 4297-4300,
1999.

4 Inano H, Onoda M, Inafuku N, Kubota M, Kamada Y, Osawa T,
Kobayashi H and Wakabayashi K: Chemoprevention by curcumin
during the promotion stage of tumorigenesis of mammary gland
in rats irradiated with gamma-rays. Carcinogenesis 20: 1011-
1018, 1999.

5 Huang MT, Lou YR, Ma W, Newmark HL, Reuhl KR and
Conney AH: Inhibitory effects of dietary curcumin on
forestomach, duodenal, and colon carcinogenesis in mice.
Cancer Res 54: 5841-5847, 1994.

6 Yan L: Dietary supplementation with curcumin enhances
metastatic growth of Lewis lung carcinoma in mice. Int J Cancer
132: 269-275, 2013.

3160

7 Bayet-Robert M, Kwiatkowski F, Leheurteur M, Gachon F,
Planchat E, Abrial C, Mouret-Reynier MA, Durando X,
Barthomeuf C and Chollet P: Phase I dose escalation trial of
docetaxel plus curcumin in patients with advanced and
metastatic breast cancer. Cancer Biol Ther 9: 8-14, 2010.

8 Sharma RA, Euden SA, Platton SL, Cooke DN, Shafayat A,
Hewitt HR, Marczylo TH, Morgan B, Hemingway D, Plummer
SM, Pirmohamed M, Gescher AJ and Steward WP: Phase I
clinical trial of oral curcumin: Biomarkers of systemic activity
and compliance. Clin Cancer Res /0: 6847-6854, 2004.

9 Dhillon N, Aggarwal BB, Newman RA, Wolff RA,
Kunnumakkara AB, Abbruzzese JL, Ng CS, Badmaev V and
Kurzrock R: Phase II trial of curcumin in patients with advanced
pancreatic cancer. Clin Cancer Res /4: 4491-4499, 2008.

10 Carroll RE, Benya RV, Turgeon DK, Vareed S, Neuman M,
Rodriguez L, Kakarala M, Carpenter PM, McLaren C, Meyskens
FL Jr. and Brenner DE: Phase Ila clinical trial of curcumin for
the prevention of colorectal neoplasia. Cancer Prev Res (Phila)
4:354-364, 2012.

11 Cheng AL, Hsu CH, Lin JK, Hsu MM, Ho YF, Shen TS, Ko JY,
Lin JT, Lin BR, Ming-Shiang W, Yu HS, Jee SH, Chen GS, Chen
TM, Chen CA, Lai MK, PuYS, Pan MH, Wang Y], Tsai CC and
Hsieh CY: Phase I clinical trial of curcumin, a chemopreventive
agent, in patients with high-risk or pre-malignant lesions.
Anticancer Res 27: 2895-2900, 2001.

12 Ozaki K, Takeda H, Iwahashi H, Kitano S and Hanazawa S: NF-kB
inhibitors stimulate apoptosis of rabbit mature osteoclasts and inhibit
bone resorption by these cells. FEBS Lett 4/0: 297-300, 1997.

13 Bharti AC, Takada Y and Aggarwal BB: Curcumin (diferuloy-
Imethane) inhibits receptor activator of NF-kB ligand-induced
NF-kB activation in osteoclast precursors and suppresses
osteoclastogenesis. J Immunol /72: 5940-5947, 2004.

14 Yang MW, Wang TH, Yan PP, Chu LW, Yu J, Gao ZD, Li YZ and
Guo BL: Curcumin improves bone microarchitecture and
enhances mineral density in APP/PS1 transgenic mice.
Phytomedicine /8: 205-213, 2011.

15 Kim WK, Ke K, Sul OJ, Kim HJ, Kim SH, Lee MH, Kim HJ,
Kim SY, Chung HT and Choi HS: Curcumin protects against
ovariectomy-induced bone loss and decreases osteoclastogenesis.
J Cell Biochem 7112: 3159-3166, 2011.

16 French DL, Muir JM and Webber CE: The ovariectomized,
mature rat model of postmenopausal osteoporosis: an assessment
of the bone sparing effects of curcumin. Phytomedicine /5:
1069-1078, 2008.

17 Institute for Laboratory Animal Research. Guide for the Care
and Use of Laboratory Animals. Washington, D.C.: National
Academies Press, 2011.

18 Reeves PG, Nielsen FH and Fahey GCJ: AIN-93 purified diets
for laboratory rodents: final report of the American Institute of
Nutrition Ad Hoc Writing Committee on the reformulation of the
AIN-76A rodent diet. J Nutr 7/23: 1939-1951, 1993.

19 Weinreb M, Shinar D and Rodan GA: Different pattern of
alkaline phosphatase, osteopontin, and osteocalcin expression in
developing rat bone visualized by in situ hybridization. J Bone
Miner Res 5: 831-842, 1990.

20 Boivin G, Morel G, Lian JB, Anthoine-Terrier C, Dubois PM
and Meunier PJ: Localization of endogenous osteocalcin in
neonatal rat bone and its absence in articular cartilage: Effect of
warfarin treatment. Virchows Arch A Pathol Anat Histopathol
417: 505-512, 1990.



Yan et al: Curcumin and Bone

21 Brown JP, Delmas PD, Malaval L, Edouard C, Chapuy MC and
Meunier PJ: Serum bone Gla-protein: A specific marker for bone
formation in postmenopausal osteoporosis. Lancet /: 1091-1093,
1984.

22 Brown JP, Delmas PD, Arlot M and Meunier PJ: Active bone
turnover of the cortico-endosteal envelope in postmenopausal
osteoporosis. J Clin Endocrinol Metab 64: 954-959, 1987.

23 Pastoureau P, Meunier PJ and Delmas PD: Serum osteocalcin
(bone Gla-protein), an index of bone growth in lambs.
Comparison with age-related histomorphometric changes. Bone
12: 143-149, 1991.

24 Halleen JM, Alatalo SL, Suominen H, Cheng S, Janckila AJ and
Vaananen H: K. Tartrate-resistant acid phosphatase 5b: a novel
serum marker of bone resorption. J Bone Miner Res /5: 1337-
1345, 2000.

25 Kirstein B, Chambers TJ and Fuller K: Secretion of tartrate-
resistant acid phosphatase by osteoclasts correlates with
resorptive behavior. J Cell Biochem 98: 1085-1094, 2006.

26 Ballanti P, Minisola S, Pacitti MT, Scarnecchia L, Rosso R,
Mazzuoli GF and Bonucci E: Tartrate-resistant acid phosphate
activity as osteoclastic marker: Sensitivity of cytochemical
assessment and serum assay in comparison with standardized
osteoclast histomorphometry. Osteoporos Int 7: 39-43, 1997.

27 Halleen JM, Ylipahkala H, Alatalo SL, Janckila AJ, Heikkinen
JE, Suominen H, Cheng S and Vaananen HK: Serum tartrate-
resistant acid phosphatase 5b, but not 5a, correlates with other
markers of bone turnover and bone mineral density. Calcif
Tissue Int 717: 20-25, 2002.

28 Chappard D, Libouban H, Legrand E, Ifrah N, Masson C, Basle
MF and Audran M: Computed microtomography of bone
specimens for rapid analysis of bone changes associated with
malignancy. Anat Rec (Hoboken) 293: 1125-1133, 2010.

29 Blouin S, Moreau MF, Basle MF and Chappard D: Relations
between radiograph texture analysis and microcomputed
tomography in two rat models of bone metastases. Cells Tissues
Organs /82: 182-192, 2006.

30 Mundy GR: Metastatic bone disease. /n: Bone Remodeling and
Its Disorders, Second Edition. London: Martin Dunitz, pp. 123-
146, 1999.

31 Aldridge SE, Lennard TW, Williams JR and Birch, MA: Vascular
endothelial growth factor acts as an osteolytic factor in breast
cancer metastases to bone. Br J Cancer 92: 1531-1537, 2005.

32 Nakagawa M, Kaneda T, Arakawa T, Morita S, Sato T, Yomada
T, Hanada K, Kumegawa M and Hakeda Y: Vascular endothelial
growth factor (VEGF) directly enhances osteoclastic bone
resorption and survival of mature osteoclasts. FEBS Lett 473:
161-164, 2000.

33 Ishikawa H, Tanaka H, Iwato K, Tanabe O, Asaoku H,
Nobuyoshi M, Yamamoto I, Kawano M and Kuramoto A: Effect
of glucocorticoids on the biologic activities of myeloma cells:
inhibition of interleukin-1 beta osteoclast activating factor-
induced bone resorption. Blood 75: 715-720, 1990.

34 Hie M, Yamazaki M and Tsukamoto I: Curcumin suppresses
increased bone resorption by inhibiting osteoclastogenesis in rats
with streptozotocin-induced diabetes. Eur J Pharmacol 621: 1-9,
2009.

35 Folwarczna J, Zych M and Trzeciak HI: Effects of curcumin on
the skeletal system in rats. Pharmacol Rep 62: 900-909, 2010.

36 Barve A, Khor TO, Hao X, Keum YS, Yang CS, Reddy B and
Kong AN: Murine prostate cancer inhibition by dietary
phytochemicals-curcumin and phenyethylisothiocyanate. Pharm
Res 25: 2181-2189, 2008.

37 Lee JC, Kinniry PA, Arguiri E, Serota M, Kanterakis S,
Chatterjee S, Solomides CC, Javvadi P, Koumenis C, Cengel KA
and Christofidou-Solomidou M: Dietary curcumin increases
antioxidant defenses in lung, ameliorates radiation-induced
pulmonary fibrosis, and improves survival in mice. Radiat Res
173: 590-601, 2010.

38 National Toxicology Program. NTP Toxicology and Carcino-
genesis Studies of Turmeric Oleoresin (CAS No. 8024-37-1)
(Major Component 79%-85% Curcumin, CAS No. 458-37-7) in
F344/N Rats and B6C3F1 Mice (Feed Studies). Natl Toxicol
Program Tech Rep Ser 427: 1-275, 1993.

39 Dance-Barnes ST, Kock ND, Moore JE, Lin EY, Mosley LJ,
D'Agostino RB Jr, McCoy TP, Townsend AJ and Miller MS:
Lung tumor promotion by curcumin. Carcinogenesis 30: 1016-
1023, 2009.

40 Burgos-Moron E, Calderon-Montano JM, Salvador J, Robles A
and Lopez-Lazaro M: The dark side of curcumin. Int J Cancer
126: 1771-1775, 2010.

41 USDA. USDA National Nutrient Database for Standard
Reference, Release 23. 2010.

Received May 5, 2013
Revised May 23, 2013
Accepted May 27, 2013

3161



