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Summary: Effects of selenium (Se) and/or iodine (I) depletion on bone growth density and bending strength were 
investigated using diets in a 2 x 2 factorial arrangement (+Se+I; +Se-I; -Se+I; -Se-I) to dams beginning week 2 of 
lactation. Pups were weaned at 3 weeks and sub-samples of 72 males and females were fed the experimental diet of 
their mothers for an additional 7 weeks. Iodine depletion was confirmed by serum thyroxin and thyroid weight. Se 
depletion was confirmed by liver glutathion peroxydase activity. Tibia and femur lengths and femoral midshaft 
thickness were measured as indicators of bone growth with a digital caliper. Bone mineral area (BMA) bone mineral 
content (BMC) and bone mineral density (BMD) were determined by DXA (Hologic QDR4500A Elite with small 
animal software). Biomechanical properties of the femur were determined by 3-point bending using a texture 
analyzer. I and Se depletion independently decreased bone length and BMA in tibia and femur and selenium 
depletion decreased femur cortical thickness. BMA and BMD in vertebra and BMC in tibia, femur and vertebra were 
decreased by Se depletion in male rats. Femur ash weight was higher in females than males. The 3-point bending test 
of the femur showed that the modulus of elasticity was higher in females than males.  Iodine depletion decreased 
femur stiffness in females.  Femur yield stress and ultimate stress were both higher in females than males. The yield 
force and ultimate force for the femur were decreased by selenium depletion in iodine adequate rats.  Selenium and 
Iodine depletion impaired bone growth, density, and strength in growing rats and there was a sex difference in 
response of bone to I and Se depletion. 
Key words: Iodine; selenium; growing rats;  bone growth; bone density; bone strength; 3-point bending. 
 

La Carence en iode et en sélénium affect la croissance, la densité et les 
propriétés biomécaniques de l’os des rats en état de croissance 

Résumé : Les effets de la carence en sélénium (Se) et/ou en iode (I) sur la croissance, la densité et la force de l’os 
furent investigués en donnant des diètes dans un arrangement factoriel de 2x2 (+Se+I, +Se-I, -Se+I, -Se-I) aux rats 
femelles à partir de la 2ème  semaine de lactation. Les ratons furent sevrés à 3 semaines et des sous-échantillons de 72 
mâles et femelles furent alimentés des diètes expérimentales de leurs mères respectives pour une période 
additionnelle de 7 semaines. La carence en I fut confirmée par la thyroxine sérique et le poids de la thyroïde. La 
carence en Se fut confirmée par l’activité de la glutathion peroxydase hépatique. La longueur du tibia et du  fémur 
ainsi que l’épaisseur de l’os dur du fémur furent mesurées en tant qu’indicateurs de croissance de l’os à l’aide d’une 
pince digitale. La surface de l’os occupée par les minéraux (BMA), la quantité de minéraux dans l’os (BMC) et la 
densité des minéraux de l’os (BMD) furent déterminées par absorptiométrie biphotonique à rayon x dans le tibia, le 
fémur et les vertèbres. Les propriétés biomécaniques du fémur furent déterminées par pliage à trois points utilisant 
un analyseur de texture. Les déficiences de l’I et du Se diminuèrent de façon  indépendante la longueur de l’os et 
BMA dans le tibia et le fémur et la déficience du Se diminua l’épaisseur de l’os dure du fémur. BMA et BMD dans 
les vertèbres et BMC dans le tibia, fémur vertèbres furent diminués par la carence du Se chez les rats mâles. Le poids 
des cendres du fémur était plus grand chez les femelles par rapport aux males. Le test du pliage à trois points du 
fémur montra que le module d’élasticité était plus grand chez les femelles. La carence de l’I diminua la rigidité du 
fémur chez les femelles. Le stress nécessaire pour causer un dommage permanant dans le fémur et celui nécessaire 
pour casser le fémur étaient tous plus grands chez le femelles. La force nécessaire pour causer un dommage 
permanant dans le fémur et celle nécessaire pour casser le fémur furent diminuées par la carence en Se chez les rats 
qui recevaient une quantité adéquate d’iode. La carence en Se et en I diminua la croissance, la densité et la force de 
l’os et il y a eu une différence de sexe en terme de la réponse de l’os à la  carence en I et en Se 
Mots clés: Iode; Sélénium; jeunes rats; croissance de l’os; densité de l’os; force de l’os; pliage à 3 points. 
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1. Introduction 
 
 Epidemiological studies and studies with 
animal models have associated the 
deficiency of iodine (I) and selenium (Se) 
with a type of osteoarthritis (OA) occurring 
in children in the first or second decade of 
life [1].  Even though an inverse relationship 
between osteoarthritis and bone density or 
osteoporosis has been documented [2], local 
bone loss near affected joints and reduced 
bone mineral density in non-articular bones 
is well recognized in both OA and 
rheumatoid arthritis (RA) [3].  Hip OA was 
not associated with increased bone density in 
the femoral head or the neck of the femur in 
middle-age men [4].  Higher trabecular 
number accompanied with thinning and 
fenestration in dense cancellous bone areas 
of proximal tibia was observed in patients 
with OA [2] suggesting the trabecular bone in 
this region to be osteoporotic.  In the elderly, 
knee osteoarthritis was associated with 
increased risk of vertebral and non-vertebral 
fractures independent of bone density and 
postural stability [5].  A lower modulus of 
elasticity was observed in the femoral neck 
of patients with OA compared to 
osteoporotic patients [6].  In OA, decreased 
mechanical strength of subchondral bone 
due to immature collagen fibers, decreases in 
proline cross-links, and reduced 
mineralization has been reported by Bailey 
and colleagues [7].  A hallmark of 
osteoarthritis is the degeneration of joint 
cartilage.  The volume of tibia knee cartilage 
in older adults was positively associated with 
total body bone mineral density in men and 
women independent of age, BMI, tibia bone 
area, and physical activity [8].  Forslind and 
colleagues [9] found a significant positive 
association between reduced bone mass and 
radiological joint damage in women with 
recent RA at baseline and after 2 years, and 
they suggested a common mechanism for the 
development of bone loss and joint 
destruction. 
 

 
 
Several factors have been implicated in the 
etiology of bone and articular diseases.  
Iodine and selenium deficiencies have been 
associated with osteoarthritis and 
osteoarthritis leads to bone loss.  
Unfortunately, iodine and selenium 
deficiencies are still major public health 
problems in many parts of the developing 
world. Selenium adequacy is required for 
normal thyroid function [10].  In addition to 
the activation and the homeostasis of thyroid 
hormones, selenium may protect thyroid 
cells against oxidative damage, and thus 
improve thyroid function [11].  Kashin-Beck 
disease (Osteoarthritis deformans endemica) 
is an endemic osteoarthropathy that affects 
the bone and joints of its sufferers, with a 
typical onset in the first or second decade of 
life [12].   
Iodine and selenium deficiencies have been 
associated with retarded growth, osteopenia 
and osteoarthritis in growing individuals [13].  
Since osteoarthritis has been shown to cause 
bone loss, it is possible that iodine and 
selenium deficiency-related osteoarthritis 
may cause decreased bone density and 
biomechanical properties leading to 
increased bone fracture risk in the affected 
growing individuals.  Few studies have 
described effects of iodine or selenium on 
the bone of some animal models.  However, 
retarded growth and lower breaking force of 
the tibia have been observed in selenium-
depleted mice compared to the controls [14].  
Growth retardation and osteopenia were seen 
in second generation selenium-deficient 
male rats [15].  Methamizol-induced 
hypothyroidism during postnatal 
development leads to decreased bone length 
and biomechanical competence (measured as 
Vickers microhardness) of the femurs and 
humeri in birds [16]. 
Biomechanical properties of bone are those 
properties of bone that are associated with 
elastic and inelastic reactions when a force is 
applied.  They also involve the relationship 
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between stress and strain [17].  Examples of 
biomechanical properties of bone include all 
kinds of strength (compressive strength, 
tensile strength, and shear strength) and 
strain, modulus of elasticity (stiffness), 
hardness [17].  Bone strength depends on 
bone matrix volume, bone microarchitecture, 
and the degree of mineralization of bone [18].  
Bone mechanical properties can be 
determined using three or four point bending  
 
 

techniques for long bones [19].  According to  
Follet and colleagues the compressive tests 
are more appropriate for small and cubic 
samples of trabecular bone. 
The mechanism whereby iodine and 
selenium may affect bones and joints is not 
clear.  However, thyroid hormone (T3) is 
believed to have an important role in the 
development and maintenance of both 
endochondral and intramembranous bone 
[20].  Selenium is required for thyroid

Figure 1: Experimental designwas approved by the Institutional Animal Care and Use 
Committee (IACUC) of Oklahoma State University. 
 
 
                                                  Adaptation Diet (-Se-I) Last 5-7 days 
                                       14 Sprague Dawley pregnant rats                          of pregnancy  
                                                                                                                     & 7 days of lactation 
 
 
             
    14 days of 
    lactation 
 
 
 
  7 weeks  
  of 
  feeding 
   
M = Male, F = Female 
 
Table I: Composition of the experimental diets (g/kg diet) 
Ingredients +I +Se +I -Se -I +Se -I -Se 
Torula yeast 
Dextrose 
Sucrose  
Soybean oil 
Fiber (celufil) 
Mineral mix +I+Se 
Mineral mix +I-Se 
Mineral mix -I +Se 
Mineral mix -I-Se 
Vitamin mix  
L-cystine 
Choline 

340 
389.49 
100 
70 
50 
35 
   - 
   - 
   - 
10 
3 
2.5 

340 
389.49 
100 
70 
50 
   - 
35 
   - 
   - 
10 
3 
2.5 

340 
389.49 
100 
70 
50 
   - 
   - 
35 
   - 
10 
3 
2.5 

340 
389.49 
100 
70 
50 
   - 
   - 
   - 
35 
10 
3 
2.5 

I = Iodine.  Se = Selenium. (+I+Se) = Adequate iodine, adequate selenium.  (+I-Se) = Adequate iodine, low 
selenium.  (-I+Se) = Low iodine, adequate selenium.  (-I-Se) = Low iodine, low selenium. 

+Se+I 
3 Dams 
Pups 

+Se-I 
4 Dams 
Pups 

-Se+I 
3 Dams 
Pups 

-Se-I 
4 Dams 
Pups 

9 M 9 F 9 M 9 F 9 M 9 F 9 F 9 M 
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hormone metabolism.  In addition, selenium 
may protect bone and cartilage cells against 
oxidative damage [21].  Despite the studies 
showing effects of iodine and selenium on 
bone, there is limited information on the 
effects of these trace elements on bone 
density and strength during growth.  There is 
also insufficient data on gender difference in 
bone response to these trace elements with 
respect to bone density and strength, and 
whether the two trace elements may interact 
to affect bone density and strength. 
The objectives of this study were: 
- to investigate the effects of iodine and/or 
selenium depletion on bone growth; density 
and  strength of  
growing male and female rats by assessing 
indicators of bone geometry, density and 
bending strength; 
- to investigate gender differences in bone 
response to iodine and/or selenium 
depletion; 
- to see whether the two elements may 
interact to affect bone growth, density and 
strength 
We hypothesized that Iodine and/or 
selenium depletion would impair bone 
growth, density and biomechanical 
properties of the bone of growing rats.  We 
also hypothesized that Male and female rat 
bones would be differently affected by 
iodine and/or selenium depletion. 
 
2. Methods 
2.1 Animal Experiment and Study Design 
2.1.1 Animal Feeding and Handling. 
Fourteen Sprague Dawley pregnant rats (120 
g to 186 g) were ordered from Harlan 
Teklad, (Indianapolis, IN) and fed an 
adaptation diet (low iodine, low selenium) 
for the last 5 to 7 days of pregnancy and for 
a week of lactation.  Then the lactating dams 
were randomly assigned to four 
experimental diets: Adequate selenium, 
adequate iodine (+Se+I); adequate selenium 
low iodine (+Se-I); low selenium, adequate 
iodine (-Se+I); and low selenium, low iodine 
(-I -S) as indicated in Table I.  Dams were 

fed the experimental diets for the last two 
weeks of lactation. 
Nine male and nine female pups per dietary 
treatment were randomly selected (for a total 
of 72) and continued on the diets of their 
respective mothers for an additional 7 
weeks.  The experimental design is best 
illustrated in Figure 1. The pups were fed ad 
libitum with free access to reverse osmosis 
water.  During the feeding experiment, two 
pups (one male and one female) died in the 
6th and 7th weeks from the group consuming 
the low iodine, adequate selenium diet.  The 
male rat died from an unknown cause in the 
6th week and the female died under the 
influence of anesthesia at the end of the 
experiment during the 7th week.  Thus the 
total number of pups remaining for the 
experiment was 70.  The use of rats in this 
study  
 
2.1.2 Preparation of the Experimental Diets. 
The experimental diets followed the 
recommendations of the American Institute 
of Nutrition (AIN) for growing rodents [22] 
(see Table I) with some modifications.  The 
diets were isocaloric and isonitrogenous.  
Because casein is contaminated with some 
selenium, torula yeast was used as a protein 
source instead of casein while correcting for 
the amount of carbohydrate provided by 
torula yeast.  Cornstarch was replaced with 
dextrose to counteract the bitterness of torula 
yeast.  Mineral and vitamin mixes were 
equivalent for the four different diets, except 
for iodine and selenium, which were either 
added or not added according to whether the 
diet was adequate or low in iodine and/or 
selenium.  Potassium iodate and sodium 
selenate were used as sources of iodine and 
selenium respectively.  The mineral mix was 
made in the Nutritional Sciences laboratory 
at Oklahoma State University.  The vitamin 
mix was formulated according to the 
recommendations of AIN (Cat # 40060, 
Harlan Teklad, Madison, WI) and kept 
refrigerated until diets were mixed.  The 
diets were mixed in batches of 5 kg in a 
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mixer.  Diets were kept refrigerated and pups 
continued to be fed daily the diets of their 
mothers for 7 weeks after weaning, after 
which they were necropsied.  
 
2.1.3 Necropsy. The day before the 
necropsy, rats were fasted overnight in 
individual metabolic cages for a 12-hour 
urine collection.  Then the rats were 
anesthetized with an intraperitoneal injection 
of mixed ketamine (75mg/kg body 
weight)/xylazine (10mg/kg body weight), 
and weighed while they were sleeping.  
Blood from the abdominal artery was chilled 
and then centrifuged for five minutes at low 
speed to separate serum that was stored at -
20°C.  Urine samples were also stored at –
20°C.  A portion of the liver was quickly 
collected, weighed and put in liquid nitrogen 
before being stored at -70°C.  Tissues and 
bones were weighed and kept at -20°C.  
 
2.1.4 Assessment of Weight Gain and the 
Status of Iodine and Selenium 
Weight gain was assessed by subtracting the 
weight of the rat recorded on the day of the 
start of the experimental diet from the 
weight recorded on the day of necropsy.  
Iodine status was assessed by thyroid 
weight, serum thyroxin (T4) and serum 
triiodothyronin (T3).  Thyroid weight was 
determined directly by excising and 
weighing the thyroid gland at the time of 
necropsy.  Serum thyroxin and serum 
triiodothyronine were measured using radio 
immunoassay (RIA) kits (Diagnostic 
Products Corp., Inc, Los Angeles, CA).  
Liver glutathione peroxidase activity was 
measured spectrophotometrically [23]. 
 
2.1.5 Bone Growth and Bone Ash Weight 
Assessment 
Bone growth was determined by measuring 
the length of both tibia and femur as well as 
measuring the thickness of the femur cortical 
bone at the level of the midshaft..  An 
electronic Vernier caliper (Model No 14-
648-17, VWR, Friendswood, Texas) was 

used to determine tibia and femur lengths 
and femur cortical thickness.  For ash weight 
assessment, femurs were weighed, dried at 
105 ºC for 24 hours, re-weighed, and placed 
in individual acid-washed crucibles.  An acid 
digestion with concentrated hydrochloric 
acid and hydrogen peroxide at 85 ºC was 
followed by a dry ashing in a muffle furnace.  
Bone was ashed in the muffle furnace at 375 
ºC for 24 hours three times with intermittent 
acid digestions and dryings until white ash 
was obtained [24].  After cooling, bone ash 
was weighed. 
 
2.1.6 Bone Measurement by Dual Energy X-
ray Absorptiometry (DXA)  
Femoral, tibial, and vertebral (L3-5) bone 
mineral area (BMA), bone mineral content 
(BMC), and bone mineral density (BMD), 
were assessed by dual energy X-ray 
absorptiometry (DXA) with small animal 
high-resolution software (Hologic 
QDR4500A Elite, Waltham, MA).  BMC is 
an estimate of the amount of mineral present 
in the bone, BMA estimates the two-
dimensional area occupied by bone, and BMD 
is equal to BMC divided by BMA. 
 
2.1.7 Bone Biomechanical Tests by 3-Point 
Bending 
An electronic Vernier caliper (Model No 14-
648-17, VWR, Friendswood, Texas) was 
used to determine femur length and midshaft 
location as well as the anterior-to-posterior, 
and lateral-to-lateral external and internal 
diameters at the midshaft level.  The femur 
was broken via a 3-point bending method[25] 
using a texture analyzer (T.\ .XT2i® Texture 
Analyzer, Texture Technology Corp., 
Scarsdale, NY).  Ends of the femur were 
supported by two fulcra (24 mm apart) and 
the force was delivered to the midshaft by a 
crosshead moving at a constant speed of 5.0 
mm/minute.  The yield load (force), ultimate 
load and stiffness were obtained.  Other 
biomechanical parameters such as the 
modulus of elasticity, yield stress, and 
ultimate stress were calculated as described 
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by Kiebzak et al. [25] and by Turner and Burr 
[19].   
 
2.1.8 Statistical Analyses  
Data were analyzed using SAS (Statistical 
Analysis System) version 8 (SAS Institute 
Inc., Cary, NC).  A split plot arrangement in 
a completely randomized design with sub 
sampling of the subunits (pups) and 
considering the main units (dams) as random 
factors was used along with Proc Mixed and 
Least Square Means (LSMEAS) to 
determine the main and interaction effects of 
the independent variable (iodine, selenium 
and sex) on the dependent variables 
(indicators of growth, iodine status, selenium 
status, and bone biomechanical properties).  
We used slice analysis in the LSMEANS 
statement whenever an interaction effect was 
significant or close to significance.  An 
effect was considered to be significant at P< 
0.05. 
 
3. Results 
 
The effects of iodine and selenium depletion 
on weight gain and indicators of iodine and 
selenium status are presented in Table II.  
Male rats had significantly higher weight 
gain than females for both selenium 
adequate (P<0.0001) and selenium deficient 
(P<0.0001) diets  
(Figure 2a).  Weight gain was significantly 
reduced by iodine deficiency in all rats 
(P<0.008) (Table II) and by selenium 
deficiency in males (P<0.0001).  Selenium 
depletion did not affect the weight gain of 
females rats (Figure 2a).  Thyroid weight as 
a percentage of body weight was 
significantly increased by iodine depletion 
(P<0.0001), but not by selenium depletion.  
Serum thyroxin (T4) was significantly 
decreased by iodine deficiency (P<0.0001) 
and selenium depletion tended (P<0.08) to 
increase T4 (Table II).  For serum 
triiodothyronine (T3), there were no 
significant differences between males and 
females when selenium was adequate. But 

when selenium was deficient, females had 
higher serum T3 than males.  In males as 
well as in females, there were no significant 
differences between adequate selenium and 
deficient selenium with respect to serum T3 
(Figure 2b).  Selenium depletion markedly 
decreased hepatic glutathione peroxidase 
activity (P<0.0001) regardless of sex and 
iodine status of the rats (Table II). 
 
Values are least square means ± SEM. Effect 
is significant at P<0.05.  +Se = Adequate  
selenium. –Se = Low selenium.  +I =  
Adequate iodine.  -I = Low iodine.  BW = 
Body weight. T4 = Thyroxin. T3 
=Triiodothyronine.  GSHPx = Glutathione 
peroxidase. 
 
 
(a)      
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Interaction effects of selenium and 
sex on weight gain, serum triiodothyronine 
(T3). and vertebral bone mineral area (BMA) 
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3.1 Bone Measurement by DXA 
The results for the analysis of tibial, femoral 
and vertebral BMA, BMC and BMD by 
DXA are presented in Table III and IV.  
Iodine depletion independently reduced bone 
mineral area of the long bones (Table III).  
Although BMA displayed similar patterns in 
response to selenium depletion in all three 
bones, there was a significant independent 
reduction with selenium depletion only in 
the tibia.  Selenium depletion decreased  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vertebral BMA in males (P<0.05) without 
affecting the BMA of vertebra in females.  
BMA was higher in males than females in 
both selenium adequacy (P<0.0001) and 
selenium deficiency (P<0.0004) in the 
vertebra.  Selenium depletion decreased 
vertebral bone mineral area in males 
(P<0.05) without affecting the BMA of the 
vertebra for females (Figure 3).                       

Table II: Effects of sex and diet on weight gain, thyroid weight, serum thyroxin, serum 
triiodothyronine, and hepatic glutathione peroxidase activity 

 Weight 
gain 
(g) 

Thyroid 
weight 
(mg/100g 
BW) 

Serum T4 
(μg/dl). 

Serum T3 
(ng/dl). 

Liver GSHPx 
Activity 
(mmole of NADPH 
oxidized/min/g) 

Sex      
 Males 191 ± 4 33 ± 3 2.2 ± 0.2 54.0 ± 2.3 8.22 ± 0.57 
Females 134 ± 4 39 ± 3 2.4 ± 0.2 67.1 ± 2.2 7.43 ± 0.57 
Diet      
+Se 175 ± 4 36 ± 3 2.0 ± 0.2 61.0 ± 2.60 14.20 ± 0.58 
-Se 151 ± 4 37 ± 3 2.5 ± 0.2 60.0 ± 2.5 1.45 ± 0.56 
      
+I 172 ± 4 7 ±3 3.9 ± 0.2 62.0 ± 2.60 7.79 ± 0.56 
-I 153 ± 4 65 ±3 0.6 ± 0.2 59.1 ± 2.5 7.86 ± 0.58 
Source of  
Variation 

 
P-values 

 
P-values 

 
P-values 

 
P-values 

 
P-values 

I <0.008 <0.0001 <0.0001 0.45 0.93 
Se <0.002 0.80 <0.08 0.78 <0.0001 
I*Se 0.43 0.91 0.18 0.30 0.49 
Sex <0.0001 0.15 0.53 <0.0001 0.33 
I*Sex 0.87 0.30 0.18 0.11 0.76 
Se*sex <0.004 0.47 0.54 <0.05 0.56 
I*Se*Sex 0.99 0.40 0.96 0.85 0.71 

Values are least square means ± SEM. Effect is significant at P<0.05.  +Se = Adequate selenium. –Se = 
Low selenium.  +I =  Adequate iodine.  -I = Low iodine.  BW = Body weight; T4 = Thyroxin. T3 
=Triiodothyronine.  GSHPx = Glutathione peroxidase 
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Table III: Effects of sex and diet on whole femur and whole tibia bone mineral area, bone mineral content, and bone mineral density by dual 
energy x-ray absorptiometry (DXA) 
 
 
 Femur BMA 

(cm2 ) 
Femur BMC 
(g) 

Femur BMD 
(g/cm2 ) 

Tibia BMA 
(cm2) 

Tibia BMC 
(g) 

Tibia BMD 
(g/cm2) 

Sex       
   Males 1.58 ± 0.02 0.35 ± 0.01 0.222 ± 0.002 1.31 ± 0.02 0.217 ± 0.005 0.165 ± 0.002 
  Females 1.42 ± 0.02 0.32 ± 0.01 0.225 ± 0.002 1.15 ± 0.02 0.189 ± 0.005 0.164 ± 0.002 
Diet       
+Se 1.53 ± 0.03 0.34 ± 0.01 0.224 ± 0.003 1.27 ± 0.02 0.211 ± 0.006 0.166 ± 0.002 
-Se 1.47 ± 0.03 0.33 ± 0.01 0.221 ± 0.003 1.19 ± 0.02 0.195 ± 0.008 0.163 ± 0.002 
       
+I 1.55 ± 0.03 0.35 ± 0.01 0.225 ± 0.002 1.27 ± 0.02 0.212 ± 0.006 0.166 ± 0.002 
-I 1.45 ± 0.03 0.32 ± 0.01 0.220 ± 0.002 1.18 ± 0.02 0.19 4± 0.005 0.163 ± 0.002 
Source of 
variation 

 
P-values 

 
P-values 

 
P-values 

 
P-values 

 
P-values 

 
P-values 

I <0.04 <0.06 0.19 <0.02 <0.06 0.42 
Se 0.15 0.18 0.45 <0.04 <0.08 0.41 
I*Se 0.57 0.53 0.68 0.37 0.44 0.77 
Sex <0.0001 <0.0006 0.59 <0.0001 <0.0001 0.65 
I*Sex 0.12 0.30 0.82 0.74 0.67 0.65 
Se*sex 0.08 <0.05 0.24 0.12 <0.03 <0.07 
I*Se*Sex 0.85 0.97 0.84 0.20 0.39 0.95 

 
Values are least square means ± SEM. Effect is significant at P<0.05.  +Se = Adequate selenium.  –Se = Low selenium.  +I = Adequate iodine.   
-I = Low iodine.  BMA = Bone mineral area.  BMC = Bone mineral content.  BMD = Bone mineral density. 
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Table VI: Effects of sex and diet on vertebral 
(L3-5) bone mineral area, bone mineral content, 
and bone mineral density by dual energy x-ray 
absorptiometry (DXA)  
 

 Vertebral 
BMA (cm2 ) 

Vertebral 
BMC (g) 

Vertebral 
BMD (g/cm2 

) 
Gender    
   Males 1.44 ± 0.02 0.325 ± 

0.007 
0.226 ± 0.003 

   
Females 

1.29 ± 0.02 0.287 ± 
0.007 

0.223 ± 0.003 

Diet    
+Se 1.38 ± 0.03 0.317 ± 

0.008 
0.229 ± 0.003 

-Se 1.34 ± 0.03 0.294 ± 
0.008 

0.219 ± 0.003 

    
+I 1.39 ± 0.03 0.317 ± 

0.009 
0.228 ± 0.003 

-I 1.33 ± 0.02 0.294 ± 
0.008 

0.220 ±  
0.003 

Source 
of 
variation 

 
P-values 

 
P-values 

 
P-values 

I 0.12 0.08 0.14 
Se 0.28 0.08 <0.07 
I*Se 0.46 0.67 0.76 
Sex <0.0001 <0.0001 0.38 
I*Sex 0.67 0.91 0.47 
Se*Sex <0.02 <0.002 <0.03 
I*Se*Se
x 

0.94 0.99 0.90 

Values are least square means ± SEM. Effect is 
significant at P<0.05.  +Se = Adequate selenium.   
–Se = Low selenium.  +I = Adequate iodine.  -I = 
Low iodine.  BMA = Bone mineral area.   
BMC = Bone mineral content.  BMD = Bone mineral 
density. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Interaction effects of selenium and sex 
on vertebral bone mineral area (BMA)  
 
In male rats, selenium depletion significantly 
decreased femoral (P<0.05), tibial (P<0.02) 
and vertebral (P< 0.004) BMC (P<0.02) 
without affecting the BMC in females 
(Figures 4a, 4b et 4c).  When selenium was 
adequate, males had higher BMC than 
females in femur, tibia, and vertebra.  The 
same pattern was observed in all the three 
bone when selenium was deficient, but a 
significantly higher BMC in males than 
females in selenium deficiency was seen 
only in tibia.  Vertebral bone mineral density 
was significantly decreased by selenium 
depletion in males (P<0.006), (Figure 4d).  
Vertebral BMD was higher in males than 
females when Se was adequate (P<0.04) 
(Figure 4d). 
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(c)                                                                           
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Figure 4: Interaction effects of selenium and sex 
on femoral, tibial, and vertebral bone mineral 
content (BMC) and Vertebral bone mineral 
density (BMD) 
 
3.2 Bone Growth and Ash Weight 
The lengths of the tibia and femur as well as 
the thickness of femur cortical bone were 
measured using a digital caliper.  Iodine and 
selenium depletion significantly and 
independently decreased tibia and femur 
lengths and males had longer tibia and femur 
than females (P<0.0001) (Table V).  Mean 

femur cortical thickness as measured by the 
caliper was reduced by selenium deficiency 
(P<0.04).  Femur wet weight and dry weight 
were both higher in males than females (P< 
0.02), but femur ash weight as percent of 
either wet or dry weights was higher in 
females than males (P<0.002 and P<0.03 
respectively) (Table V). 
 
3.3 Femur Biomechanical Test by 3-Point 
Bending.  
 
Results for the 3-point bending test of femur 
are presented in Table VI.  Femur yield force 
(the load required to cause permanent 
damage to the femur at the level of midshaft) 
was significantly decreased by selenium 
depletion in iodine adequate rats (P<0.009) 
and was also reduced by iodine depletion in 
selenium adequate rats (P<0.02) (Figure 5a).  
The ultimate force required to break the 
femur was decreased in iodine adequate rats 
when selenium was depleted (P<0.002) 
(Figure 5b).  When selenium was adequate, 
the depletion of iodine also decreased femur 
ultimate force (P<0.0007) (Figure 5b).  The 
stiffness of bone is defined as its rigidity [19]. 
Iodine adequacy increased femur stiffness in 
female rats (P<0.002) without having any 
significant effects on the bone stiffness of 
males (Figure 5c).  Femur modulus of 
elasticity (the intrinsic stiffness or the 
stiffness corrected for the size of bone) was 
higher in females than males (P<0.0006) and 
selenium depletion tended to increase the 
values in all the animals (P<0.06) (Table 
VI).  Yield stress and ultimate stress are the 
maximum amount of stress bone can sustain 
before having permanent damage and 
breaking respectively, therefore, they reflect 
the strength of bone [19].  Femur yield stress 
(P<0.008) and ultimate stress (P<0.02) were 
both higher in females than males.  There 
were no significant diet effects on femur 
yield stress and ultimate stress (Table VI). 

0.0
0.2

+Se -Se

0.2

0.3

0.4

Males                         Females
Diets

In Males: +Se > -Se (P<0.004)
With +Se: Male > Female(P<0.0001)

V
er

te
br

al
 B

M
C

 (g
)

0.00
0.15

+Se -Se

0.15

0.20

0.25

Males                          Females
Diets

In Males: +Se > -Se (P<0.006)
With +Se: Male > Female(P<0.04)

V
er

te
br

al
 B

M
D

 (g
/c

m
2

)

38



J. Soc. Ouest-Afr. Chim. (2010) 029 ; 29 - 44 

  
 

F. Touré et al. 

Table V: Effects of sex and diet on tibial and femoral length, femur cortical thickness and femoral ash 
weight. 
 
 Tibia length (mm) Femur length 

(mm) 
Femur midshaft 
cortical thickness 
(mm) 

Femur ash 
weight as 
percent of wet 
weight (%) 

Femur ash 
weight as 
percent of dry 
weight (%) 

Sex      
  Males 37.40 ± 0.23 32.88 ± 0.19 0.66 ± 0.02 37.69 ± 0.60 61.03 ± 0.72 
  Females 35.80 ± 0.23 31.14 ± 0.19 0.68 ± 0.02 40.80 ± 0.60 63.32 ± 0.72 
Diet      
 +Se 37.09 ± 0.26 32.46 ± 0.23 0.71 ± 0.03 39.64 ± 0.61 62.27 ± 0.73 
 -Se 36.12 ± 0.25 31.57 ± 0.23 0.63± 0.03 38.85 ± 0.59 62.08 ± 0.71 
      
+I 37.37 ± 0.26 32.77 ±0.24 0.70 ± 0.03 39.46 ± 0.60 61.82 ± 0.71 
-I 35.83 ± 0.25 31.26 ± 0.22 0.64 ± 0.03 39.03 ± 0.60 62.53 ± 0.73 
Source 
of 
variation 

  
P-values 

 
P-values 

 
P-values 

 
P-values 

I <0.002 <0.002 0.11 0.61 0.49 
Se <0.03 <0.03 <0.04 0.36 0.85 
I*Se 0.49 0.12 0.41 0.67 0.10 
Sex <0.0001 <0.0001 0.69 <0.002 <0.03 
I*Sex 0.16 0.43 0.97 0.29 0.91 
Se*sex 0.09 0.42 0.92 0.90 0.36 
I*Se*Sex 0.18 0.43 0.49 0.83 0.75 
 
Values are least square means ± SEM. Effect is significant at P<0.05.  +Se = Adequate selenium. -Se = Low 
selenium.  +I = Adequate iodine.  -I = low iodine 
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Table VI: Effects of sex and diet on femur yield force, ultimate force, modulus of elasticity, yield stress, and ultimate stress by 3-point 
bending 
 
 Yield force 

(N) 
Ultimate force 
(N) 

Stiffness 
(N/mm) 

Modulus of 
elasticity 
(N/mm2) 

Yield stress 
(N/mm2) 

Ultimate stress 
(N/mm2) 

Sex       
   Males 69.76 ± 1.89 78.30 ± 1.60 79.02 ± 2.55 3291.5 ± 141.9 113.2 ± 3.3 127.6 ± 3.4 
Females 68.06 ± 1.89 75.14 ± 1.60 81.22 ± 2.55 4023.2 ± 141.9 126.3 ± 3.3 139.7 ± 3.4 
Diet       
+Se 72.08 ± 1.91 79.41 ± 1.63 81.36 ± 2.62 3461.9 ± 144.1 119.2 ± 3.4 131.6 ± 3.5 
-Se 65.74 ± 1.86 74.03 ± 1.58 78.88 ± 2.55 3852.8 ± 139.8 120.3 ± 3.3 135.7 ± 3.4
       
+I 71.54 ± 1.89 80.06 ± 1.58 85.52 ± 2.56 3768.9 ± 139.8 120.3 ± 3.3 134.9 ± 3.4 
-I 66.28 ± 1.89 73.38 ± 1.63 74.73 ± 2.61 3545.8 ± 144.1 119.2 ± 3.4 132.4 ± 3.5 
Source of 
variation 

 
P-values 

 
P-values 

 
P-values 

 
P-values 

  

I <0.07 <0.005 <0.02 0.27 0.82 0.60 
Se <0.03 <0.03 0.52 <0.06 0.82 0.40 
I*Se <0.07 <0.03 0.83 0.29 0.32 0.42 
Sex 0.53 0.17 0.54 <0.0006 <0.008 <0.02 
I*Sex 0.45 0.55 <0.05 0.28 0.74 0.99 
Se*sex 0.70 0.45 0.48 0.72 0.99 0.78 
I*Se*Sex 0.99 0.81 0.42 0.79 0.56 0.56 

 
Values are least square means ± SEM. Effect is significant at P<0.05.  +Se = Adequate selenium.  –Se = Low selenium.  +I = Adequate 
iodine. 
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Figure 5: Interaction effects of iodine and 
selenium on the yield force and ultimate 
force for femur and interaction effects of 
iodine and sex on femur stiffness 
 
4. Discussion 
Growth was expressed by weight gain, tibia 
and femur length and femur cortical 

thickness.  Weight gain was significantly 
reduced by iodine depletion in all rats and by 
selenium depletion in male rats.  The result 
of our study on weight gain with respect to 
selenium adequate and selenium deficient 
male groups is in agreement with those of 
Moreno-Reyes and colleagues [15] who 
observed a significant reduction of body 
weight in 74-day old, second-generation 
selenium-deficient male rats compared to 
control.  This growth impairment due to 
selenium deficiency may be due to an 
insufficient pituitary local deiodination of T4  
to form T3, which is needed for growth 
hormone synthesis [15].  Moreno Reyes and 
colleagues found significantly decreased 
pituitary growth hormone and plasma IGF-I 
in second generation selenium-deficient 
male rats.  A decreased growth due to iodine 
and/or selenium depletion in our study has 
been confirmed by decreased weight gain 
and decreased bone length.  In our study, 
mean thyroid weight was significantly 
increased by iodine deficiency as we 
expected.  The thyroid weights and thyroxin 
levels in our control and iodine deficient 
males are similar to but higher than those 
found in our previous  
study [26] with weanling male rats fed the 
AIN diet for five weeks and the results found 
by Ruz et al. [27] with male rats fed the AIN 
diet for six weeks.  However, thyroid weight 
was not affected by selenium deficiency.  In 
addition, the combination of iodine and 
selenium deficiencies did not increase 
thyroid weight above the increase caused by 
iodine deficiency alone.  This was strange 
because selenium deficiency is supposed to 
worsen the effect of iodine deficiency, as Se 
is needed for thyroid hormone metabolism.  
However, similar results were found by Ruz 
and colleagues. Serum thyroxin level was 
significantly decreased by iodine deficiency, 
but there were no significant differences 
among iodine depleted and iodine adequate 
rats with respect to serum T3.  This might 
have been due to the considerable capacity 
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of the body to conserve T3.  However, we 
suggest that a longer feeding of the animal 
would lead to decreased T3 in iodine-
deficient rats.  There was a significant 
decrease in thyroid T4 with T3 being 
unaffected in iodine-depleted animals.  This 
is consistent with results of studies 
considered by the Food and Nutrition Board 
[28], which indicates that iodine deficiency 
decreases serum T4 concentrations while 
serum T3 concentrations remain normal or 
increase.   
Female rats had higher T3 than males when 
selenium was deficient, probably due to 
some compensatory mechanisms in females 
we have yet not been able to identify.  The 
significantly lower T3 in males due to 
selenium depletion is consistent with a 
decreased weight gain in males due to 
selenium depletion.  This might have 
contributed to the poorer bone quality of 
males compared to female rats.  Probably, 
males are more sensitive to lack of Se 
necessary to produce iodothyronine 
deiodinases (Type I and type II) which are 
responsible for the conversion of T4 to T3 
[10].  There were no significant differences 
between adequate selenium and deficient 
selenium male rats with respect to serum T3.  
The selenium deficient growing male rats of 
Moreno-Reyes and colleagues [15] did not 
experience a significant decrease in T3 levels 
compared to control, but there was a trend 
toward decreased T3 due to selenium 
depletion (P = 0.06), because they had a 
longer study period than we did. 
In this study, the fastest growing animals 
(iodine adequate rats and selenium adequate 
male rats) had the highest femoral breaking 
force (ultimate force).  This may be due to 
their bigger bone size leading to a larger 
breaking cross-sectional area of the long 
bone. Therefore femur modulus of elasticity, 
and yield and ultimate stresses which are 
biomechanical characteristics corrected for 
the size of bone were higher in females than 
males.  It has been suggested that estrogen 

increases the rate of bone mineralization in 
female rats at puberty compared to male rats 
[29].  The mechanism of this high 
mineralization of female bone at this time of 
high circulating estrogen levels is not 
known, but the lack of estrogen during the 
period of menopause is characterized by 
rapid bone deterioration in female subjects.  
Therefore it is possible to think that estrogen 
might have contributed to the better quality 
of bone in our females rats. 
One of the limitations of this study is that it 
was difficult to tie our findings into Kashin 
Beck disease because in reality, Kashin-
Beck disease usually happens with multiple 
nutrient deficiencies and many other factors 
have been involved in the etiology of the 
disease [30], while our experimental rats were 
adequate in all key nutrients except iodine 
and/or selenium.  In addition, there should 
be caution in interpreting these findings as 
bone physiology of rats is similar but 
different from that of humans.  However we 
have been able to show the effects of iodine 
and/or selenium depletion on bone growth 
and biomechanical properties of growing 
rats. Future studies should be focused on the 
analysis of rat joint for signs of osteoarthritis 
and inflammatory factors. 
 
5. Conclusion 
 
The degree of depletion used in this study 
was sufficient to cause iodine and selenium 
deficiency in the animal.  The length of tibia 
and femur were significantly and 
independently decreased by iodine and 
selenium depletion.  Cortical thickness of the 
femur was reduced by selenium depletion in 
all the animals.  Femur wet weight and dry 
weight were both higher in males than 
females, but femur ash weight as percent of 
either wet or dry weights was higher in 
females than males.  Iodine and selenium 
depletion decreased femur bending force in 
all the animals as evidenced by decreased 
yield force and ultimate force by iodine and 
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selenium depletion in selenium and iodine 
adequate rats respectively.  In addition, 
iodine depletion decreased femur stiffness in 
female rats.   
Selenium depletion had more effects on the 
bone of males, as evidenced by decreased 
weight gain, decreased femoral, tibial, and 
vertebral BMC, and decreased vertebral 
BMD by selenium depletion in males 
without affecting weight gain, BMC and 
BMD in females.  In general, iodine 
depletion affected both males and females, 
but there was a slight trend toward more 
effects of iodine depletion on females.  This 
trend was supported by a significant 
decrease of femur stiffness in female by 
iodine depletion without affecting the bone 
stiffness of male rats.  This sex difference in 
response of bone to iodine and selenium 
depletion was accompanied with a slower 
growth rate, smaller bone size, and higher 
bone strength in females than male rats.  
This study suggest that any intervention 
pertaining to correct iodine and selenium 
deficiency-related bone disorder must take 
into account a sex difference in response to 
the two micronutrients. 
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