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Abstract

D-galactose is known to cause oxidative stress and induce aging-related diseases.  Our previous 
study demonstrated that diosgenin can prevent osteoporosis in menopausal rats.  The aim of the present  
study was to determine the effects of oral administration of diosgenin on bone loss in a D-galactose-
induced aging rat model.  Three groups of twelve-week-old male Wistar rats received a daily injection 
of D-galactose (150 mg/kg/day, i.p.) and orally administered diosgenin (0, 10, or 50 mg/kg/day) for 
eight weeks, while a control group received saline injection (1 ml/kg/day, i.p.), then the femurs were 
taken to measure mechanical and morphological properties.  The results showed that frame volume  
and femur volume decreased and porosity and frame density increased in the D-galactose-induced aging  
rats compared to controls and that these effects were prevented by co-administration of diosgenin.  
This suggests that diosgenin might prevent bone loss during aging and provide beneficial effects in 
osteoporosis in the elderly.
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Introduction

Aging is associated with a reduction in min-
eralization and increase in porosity in cortical and 
trabecular bones, which results in bone loss and in- 
creased risk of osteoporosis and fracture.  Osteopo-
rosis is one of the most prevalent and serious dis-
eases in the elderly.  Oxidative stress and reactive 
oxygen species (ROS) have been proposed as major 
causes of aging (38, 48) and are involved in inflam-
matory arthritis (30) and age-related bone loss (57).  
Thus, age-related bone loss might be alleviated by 
antioxidant treatment.

D-galactose, a reducing sugar, stimulates the 
production of free radicals, causes accumulation of 
ROS (56), and decreases the activity of antioxidant  
enzymes in vivo (49), resulting in oxidative stress and  
aging-related changes (54).  Because of this, animals  
chronically injected with D-galactose have been used  
for pharmacological studies of aging (49).

Antioxidants can scavenge free radicals and pro- 
tect cells and organs from oxidative damage.  Among  
the natural antioxidants, dioscorea (wild yam) is worthy  
of note.  Dioscorea, a common food and Chinese medi- 
cine (34) that contains phytosteroids, such as diosgenin  
and steroidal saponins (25), decreases anxiety levels  
and inflammatory cytokine levels in the brain of meno- 
pausal rats (27) and has anti-osteoporotic activity (10, 
53).  Diosgenin, the main steroidal saponin in di-
oscorea, has a similar chemical structure to sex hor-
mones and is used as a precursor in the manufacture  
of steroid hormones, such as estrogen, progesterone,  
testosterone, and cortisol (17, 41).  In addition, di-
osgenin has antioxidant and free radical scavenging 
activity in rats (44), prevents H2O2-induced apop-
tosis in human vein endothelium cells (20), shows  
anti-aging effects in menopausal animals (26) and in  
human chronic myelogenous leukemia K562 cells (33),  
and improves epidermal functions in aging mice (46).   
Our previous study showed that dioscorea increases 
bone strength in menopausal rats (10).  Further 
studies are needed to determine the effect of di-
osgenin on bone loss in aging.  Although rodents 
chronically injected with D-galactose have been 
used as an animal aging model for osteoporosis (39) 
and for anti-aging pharmacology research (49), to 
our knowledge, this is the first study reporting the 
anti-osteoporotic effects of diosgenin on morpho-
logical and mechanical properties of bone in D-
galactose-induced aging rats.

Materials and Methods

Animals

Twelve-week-old male Wistar rats (387 ± 3.9 

g; National Laboratory Animal Center, ROC) were 
housed in groups of five in acrylic cages (35 × 56 ×  
19 cm) in an animal room with a 12 h light-dark cycle  
(lights on at 07:00 h) with food and water available 
ad libitum.  Each animal was handled for 5 min/day 
on 3 consecutive days, starting one day after arrival.   
All experimental procedures were performed ac-
cording to the NIH Guide for the Care and Use of 
Laboratory Animals and were approved by the Ani-
mal Care Committee of Chung Shan Medical Uni-
versity (IACUC approval No.: 1018).

General Procedure

Experimental rats received peritoneally injec-
tion with D-galactose (150 mg/kg/day, i.p.), while 
control rats received injection with saline (1 mg/
kg/day, i.p.), for 8 weeks.  The experimental rats 
were co-administered with 10, or 50 mg/kg/day of 
diosgenin (Sigma, St. Louis, MO, USA) orally.  The 
diosgenin was wrapped in a ball of raw dough (about  
1 g, as vehicle) and fed daily to each rat.  The control  
group was fed the same amount of raw dough with-
out diosgenin.  After the experiment, all the rats were  
sacrificed by exposure to CO2 and transcardially per- 
fused with phosphate-buffered saline.

Preparation of Femurs and Determination of 
Morphometric and Mechanical Properties

During removal of the muscle and the fibrous 
periosteum, the femurs were kept wet in distilled  
water.  After defatting in chloroform (43) and drying,  
the right femur was used to sequentially measure the  
morphometric parameters of wet weight (Ww), total  
volume, and dry weight to calculate the porosity.  The  
left femur was kept at −20°C until mechanical testing.   
A previous report has shown that drying, rewetting,  
and freezing have no effect on the mechanical proper- 
ties of bone (15).  We have previously reported the  
methods for measuring bone parameters (10), and 
briefly describe as the followings.

Measurement of the Ww.  The right femur was  
placed in an unstoppered glass vial containing distilled  
water which was placed in a vacuum desiccator for 
90 min to remove air diffusing out of the bone (28).  
After gently wiping off the water on the surface of  
the specimen, the femur was weighed on an analytical  
balance (AE240-S, Mettler, Zurich, Switzerland) to 
obtain the Ww.

Measurement of the total volume.  According  
to the theory of porous media (6), the porous struc-
ture of the bone consists of the ‘solid skeleton’ (bone  
frame volume; VB) and the ‘interstitial fluid’ (void  
volume; VP) (50).  Instead of using a conventional cali- 
per or mathematical equations, we have, by combining  
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Newton’s third law and Archimedes’ principle, de-
veloped a novel and accurate method to directly 
measure the total volume (VT; VT = VB + VP; cm3) 
of the femur (32, 52).  Briefly, each right femur was 
suspended by a thin silk yarn and fully immersed 
in water in a beaker on the analytical balance and 
the buoyant force ( ; g) was read directly from the 
balance display, then the total volume, VT, of the 
femur was calculated as VT = buoyant force/0.9971, 
where 0.9971 is the density (g/ml) of distilled water 
at 25°C and 1 atmosphere (58).

Measurement of the dry weight.  After measuring  
the total volume, each right femur was placed in an 
incubator at 50°C for 72 h to remove the interstitial  
fluid and was weighed at 1 h intervals until a con- 
stant weight (< 0.05% change) was obtained and taken  
as the dry weight (WD).

Calculation of the morphometric parameters.  
Bone porosity was calculated as follows.  In the 
saturated right femur, the void space was filled with 
Wf g of distilled water.  The pore volume, VP, was 
calculated using the equations VP = Wf/0.9971 and 
Wf = WW – WD and the porosity, P, calculated us-
ing the equation P = VP/VT.  The frame density was 
calculated using the equation WD/VB, and femur 
density calculated using the equation WD/VT.

Evaluation of the mechanical properties.  Before  
mechanical testing, the left femur was soaked in saline  
at room temperature for 12 h.  A material testing sys- 
tem, EZ Test (Shimadzu, Kyoto, Japan), was used to  
perform the “three-point bending test using a span 
width of 15.7 mm and a rate of compression of 0.5 
mm/min, and the relationship between load (force; 

N) and displacement (mm) was recorded at a sam-
pling rate of 10 Hz.  The slope of the linear section 
of the load-displacement curve gives the stiffness 
(N/mm).  The force required to fracture the bone is 
the ultimate force (N), which causes the ultimate  
displacement (mm), and the toughness (N • mm), the  
work or energy needed to fracture the bone, was cal- 
culated as the area under the curve from zero displace- 
ment to ultimate displacement.

Data Analysis

Analysis of variance (ANOVA) followed by the  
least-significant difference (LSD) post-hoc test was 
used to analyze the data.  All results are expressed 
as the mean ± SEM.  The level of significance was 
defined as P < 0.05 (two-tailed).

Results

As shown in Table 1, D-galactose treatment 
did not affect the dry weight, wet weight, or pore 
volume of the femur or its mechanical properties, 
such as stiffness, toughness, ultimate force, and dis-
placement, measured using the three-point bending 
test.

ANOVA with the LSD post-hoc test revealed that  
chronic administration of D-galactose significantly 
decreased the frame volume [F(3,43) = 8.584, P = 
0.001] and femur volume (F(3,43) = 3.436, P = 0.027) 
and significantly increased the porosity [F(3,43) =  
5.621, P = 0.003, Fig. 1] and the frame density [F(3,43) =  
5.740, P = 0.002, Table 1] compared to controls (all 

Table 1. Effect of diosgenin on mechanical and morphological properties of the femur in a D-galactose-induced 
aging rat model

Control D-galactose-treated 
diosgenin 

0 mg/kg/day
diosgenin

0 mg/kg/day
diosgenin

10 mg/kg/day
diosgenin

50 mg/kg/day
(n = 10) (n = 11) (n = 11) (n = 12)

Mechanical Properties
Stiffness (N/mm) 148.7 ± 7.3 158.0 ± 7.3 163.8 ± 4.0 142.5 ± 6.6
Toughness (N • mm) 97.4 ± 5.7 97.7 ± 5.8 107.4 ± 4.8 91.0 ± 4.2
Ultimate force (N) 167.9 ± 6.7 168.1 ± 5.7 166.3 ± 5.5 160.3 ± 6.5
Ultimate displacement (mm) 1.17 ± 0.03 1.16 ± 0.03 1.23 ± 0.03 1.16 ± 0.02
Morphological Properties
Dry weight (g) 0.77 ± 0.02 0.76 ± 0.02 0.79 ± 0.02 0.75 ± 0.02
Wet weight (g) 0.96 ± 0.02 0.97 ± 0.02 0.97 ± 0.02 0.93 ± 0.03
Pore volume (cm3) 0.19 ± 0.01 0.20 ± 0.01 0.18 ± 0.03 0.19 ± 0.01
Frame density (g/ml) 1.66 ± 0.04 1.81 ± 0.04** 1.60 ± 0.04### 1.65 ± 0.06##

Femur density (g/ml) 1.19 ± 0.01 1.21 ± 0.01 1.17 ± 0.02## 1.17 ± 0.01##

**P < 0.01 compared to the controls.  ##P < 0.01 and ###P < 0.001 compared to the D-galactose/0 mg/kg/day diosgenin 
group.  The data are expressed as the mean ± SEM.
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P values < 0.05) and all effects were prevented by 
co-treatment with 10 or 50 mg/kg/day of diosgenin.

Discussion

Aging-related changes can be experimentally 
modeled by chronic administration of D-galactose in  
rodents (55).  The D-galactose-induced aging model in  
rodents is established by daily injection of D-galactose  
at a dosage of 50-500 mg/kg/day for 6-10 weeks (9,  
14, 29, 31, 45) and, to date, more than 100 papers  
have reported studies using this model.  In the present  
study, we administered 150 mg/kg/day of D-galactose  
to Wistar rats for 8 weeks and noted a decrease in 
femur volume and frame volume and an increase in  
bone porosity and frame density, indicating induction  
of the aging animal model of bone loss.  Co-admin- 
istration of diosgenin at the dosages of 10 or 50 
mg/kg/day prevented the D-galactose-induced bone 
loss, suggesting that diosgenin may have potential 
for preventing osteoporosis during aging.  This is 
the first report of a change in frame density after D-
galactose treatment and further studies are needed 
to elucidate the underlying mechanism.

It is difficult, by using the fluid-displacement 
method, to measure the volume of an irregular small  
object because the surface tension of the fluid causes  

difficulty of precisely observation of the displacement  
of fluid in a graduated cylinder.  In order to conquer  
this problem, we developed the method in 2006 (52),  
which ingeniously combined Newton’s third law and  
Archimedes’ principle.  The buoyant force of the fluid  
acting on the bone sample can be read directly from 
the balance display, so that the total volume of the 
femur can be calculated.  The surface tension of the  
fluid will not interfere with the measurement of total  
volume.  This method provides rapid, convenient, and  
accurate measure for the total volume of an irregular  
object.  Based on this method (52), several researches  
have been published (10, 32, 51), indicating the re-
liability and validity of this method.

Bone quality is related to its mechanical and 
morphological properties, which determines fracture  
risk.  In human long bone, aging causes trabecular-
ization of cortical bone and leads to a reduction in 
cortical thickness and an increase in bone porosity.   
This process underlies osteoporosis.  Baron (2) demon- 
strated a change in porosity with age, which is similar  
to the change in the risk of fracture reported in the 
literature (13, 16).  Thus, frame volume and porosity  
are reliable indexes of bone quality.

Bone remodeling continues throughout life in 
response to hormonal and biochemical signals.  In 
aging, increased bone resorption and/or decreased  
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Fig. 1. Effect of diosgenin on the morphological properties of bone in a D-galactose-induced aging rat model.  Diosgenin (10 or 50  
mg/kg/day) was co-administered for 8 weeks.  (A) frame volume, (B) femur volume, and (C) porosity.  **P < 0.01 compared 
to the controls.  ##P < 0.01 and ###P < 0.001 compared to the D-galactose-treated group not treated with diosgenin.  The data 
are expressed as the mean ± SEM.
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bone formation lead to bone loss and increase the risk  
of osteoporosis and fractures, and prevention of age- 
related bone loss is therefore an important issue in 
the treatment of osteoporosis (4, 22).  The progres-
sion of bone loss takes decades till fracture occurs.  
Clinically, age-related osteoporosis is usually diag-
nosed when the mechanical properties of limb bones 
change large enough and result in pathological frac-
ture.  Similarly, 8-week of D-galactose treatment in  
the present study caused no change in dry weight, wet  
way, pore volume, and bone mechanical properties, 
however, morphological compromise, decreasing of 
frame volume and increasing of porosity, was ob-
served after the treatment.  More profound changes 
of mechanical and morphological properties would 
occur after longer treatment of D-galactose, which  
will better model age-related osteoporosis.  Although  
we have found beneficial effects of diosgenin in the  
8-week-D-galactose model, effects of diosgenin in a  
longer D-galactose-treated model would provide further  
data for elucidating the potential of diosgenin in the  
clinic application.  In the present study, the decreasing  
of femur volume and frame volume and increasing of 
porosity indicated bone loss and these changes may  
result from imbalance of bone resorption and for-
mation.  One may expect an increased excretion of  
Ca2+ in the urine, but no significant changes in Ca2+ 
level in the blood would be observed because of ho-
meostasis of chemical levels in the blood.  Detecting  
bone mineral content by dual-energy X-ray absorp-
tion (DEXA) scans and measurement of chemical 
levels in the urine will provide direct evidence for 
evaluating the mechanisms underlying the bone loss,  
which are needed in future investigations.  Adminis- 
tration of D-galactose for 8 weeks resulted in morpho- 
logical changes, namely a decrease in femur volume 
and frame volume and an increase in porosity and 
frame density, these being early bone changes during  
aging occurring before mechanical properties were  
affected.  This observation is consistent with findings  
from animal models, in which activation of intracortical  
remodeling leads to an increase in intracortical po-
rosity, but does not compromise bone strength (7).   
Further, it should be noted that, using regression analy- 
sis, a previous study showed that a 3% increase in  
porosity is equivalent to an increase in age of 14 years  
(35).  The recovery of porosity and prevention of the  
decrease in femur volume and frame volume by dios- 
genin seen in our study suggest a therapeutic potential  
of this drug in osteoporosis.

Diosgenin, one of the important bio-active in-
gredients in dioscorea, has a similar chemical struc-
ture to sex hormones and has long been used as a  
precursor in the manufacture of steroid hormones, such  
as estrogen, progesterone, testosterone, and cortisol 
(41).  In addition, diosgenin has anti-aging activity  

(33) and anti-oxidant activity and prevents H2O2-
induced apoptosis (20).  A previous study reported 
that co-administration of diosgenin in D-galactose-
induced senescent mice increases the activities of  
superoxide dismutase (SOD) and glutathione peroxidase  
(GSH-Px) and decreases levels of malondialdehyde 
(MDA), suggesting that diosgenin has beneficial ef-
fects on aging and oxidative stress-related disorders  
(12).  Similarly, our previous study demonstrated that  
dioscorea improves the morphometric and mechanical  
properties of bone in menopausal animals (10).  Our  
recent study found an increase of alanin aminotrans- 
ferase (GPT) level, an index of oxidative damage of  
liver cells, in the blood of rats receiving 8-week of 
D-galactose treatment, which was normalized by co- 
administration of diosgenin, at the dosage of 10 and  
50 mg/kg/day (data not shown).  We therefore propose  
that oxidative damage may play a role in bone loss in 
the aging rat model induced by D-galactose and that  
anti-oxidative action may be one of the mechanisms 
by which diosgenin decreases bone loss.

A decrease in blood levels of sex hormones is  
one of the causes of osteoporosis.  Estrogen is known  
to be involved in prevention of bone loss, as postmeno- 
pausal women with estrogen deficits exhibit fast bone  
loss and osteoporosis (8).  Androgens have anabolic 
effects on bone and increase the mineral density (19).  
Although nothing is known about the pathway by 
which diosgenin is converted to other hormones in 
vivo, sustained delivery of diosgenin for 45 days re-
verses menopause-induced hypertrophy of the adre-
nal gland, indicating an influence on the hormonal  
system (5).  In addition, we have reported that chronic  
administration of diosgenin at the dosage of 10 mg/ 
kg/day improves emotion and neuroimmune functions  
in menopausal arts (26).  Thus, in addition to serving  
as a precursor of sex hormones in vivo, diosgenin may  
affect bone loss by regulation of the hormonal and/
or immune systems.

Oxidative damage is involved in the pathophysio- 
logy of aging-related diseases (3).  Oxidative stress  
and inadequate antioxidant defense mechanisms re- 
sult in excessive ROS production (42).  D-galactose,  
a reducing sugar, can be converted to advanced glyca- 
tion end products (AGEs) which cannot be metabolized  
further and therefore accumulate in tissues.  Deposits  
of AGEs suppress the proliferation and differentiation  
of osteoblasts, resulting in decreased bone formation.   
In addition, they cause release of cytokines and growth  
factors and facilitate the proliferation and differen-
tiation of osteoclasts, leading to increased bone re-
sorption (37).  The generation of free radicals gen-
erated from oxidation of D-galactose exceeds the 
capacity of the cell to remove them and they cause 
injury to the cell membrane (24) and speed up the 
aging process (45, 47).  The “free-radical theory of  
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aging” proposes that endogenous oxygen radicals are  
generated in cells and cause cumulative damage (23).  
Collagen is the most important component of bone, 
and free radicals disrupt its formation and reduce  
mineral deposits and bone formation, resulting in osteo- 
porosis.  Thus, oxidative stress and accumulation of 
free radicals may play an important role in aging-
related bone changes (40, 57) and consumption of 
foods containing anti-oxidants might delay the aging  
process (1, 36).  The defense mechanisms in the or-
ganism against oxidative stress include SOD, cata-
lase, and GSH-Px (18, 21).  Interestingly, diosgenin 
increases the activities of SOD and GSH-Px and has  
anti-oxidative and anti-aging activity (11).  Thus, anti- 
oxidation may underlie the prevention of bone loss  
after diosgenin treatment in the D-galactose-induced  
aging rat model.

In conclusion, the present findings show that 
chronic administration of D-galactose in Wistar rats 
causes bone loss, a decrease in femur volume and 
frame volume, and an increase in bone porosity and  
frame density and that these effects are prevented by  
co-administration of diosgenin, which might have 
potential for preventing bone loss during aging.
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