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The mechanical  integrity of bone is dependent on the bone 
matrix,  which is believed to account for the plastic deforma- 
tion of the tissue, and the mineral ,  which is believed to ac- 
count for the elastic deformation.  The validity of this model  
is shown in this study based on analysis of the bones of vita- 
min B6-deficient and vitamin B6-replete chick bones. In this 
model,  when B6-deficient and control animals are compared,  
vitamin B 6 deficiency has no effect on the mineral  content or  
composition of cortical  bone as measured by ash weight (63 + 
6 vs. 58 + 3); mineral  to matr ix  ratio of the F T I R  spectra (4.2 
-+ 0.6 vs. 4.5 ± 0.2), l ine-broadening analyses of the X-ray 
diffraction 002 peak (l~ooz = 0.50 ± 0.1 vs. 0.49 + 0.01), or  
other  features of  the infrared spectra. In  contrast,  collagen 
was significantly more extractable f rom vitamin B6-deficient 
chick bones (20 ± 2% of total hydroxyprol ine extracted vs. 10 
± 3% p < 0.001). The B6-deficient bones also contained an 
increased amount  of the reducible cross-links DHLNL,  de- 
hydro-dihydroxylysinonorleucine,  (1.03 ± 0.07 vs. 0.84 ± 0.13 
p _< 0.001); and a nonsignificant increase in HLNL,  dehydro- 
hydroxylysinonorleucine,  (0.51 ± 0.03 vs. 0.43 ± 0.03, p < 
0.10). There  were no significant changes in bone length, bone 
diameter ,  or  area  moment  of inertia. In four-point  bending, 
no significant changes in elastic modulus,  stiffness, offset 
yield deflection, or  f rac ture  deflection were detected. How- 
ever, f rac ture  load in the B6-deficient animals was decreased 
f rom 203 ± 35 MPa to 151 ± 23 MPa,  p _< 0.01, and offset yield 
load was decreased f rom 165 + 9 MPa to 125 ± 14 MPa,  p < 
0.05. Since earl ier  h is tomorphometr ic  studies had demon- 
strated that  the B6-deficient bones were osteopenic, these 
data suggest that  al though proper  cortical  bone mineraliza- 
tion occurred,  the al terat ions of the collagen resulted in 
changes to bone mechanical  performance.  (Bone 18:567-574; 
1996) 

Key Words:  Vitamin B6; Bone biomechanics; Collagen cross- 
links; Chicken bone; Mineral analysis. 

Address for correspondence and reprints: Adele L. Boskey, Ph.D., The 
Hospital for Special Surgery, 535 East 70th St., New York, NY 10021. 

Introduct ion 

The mechanical properties of bone tissue depend both on the 
mineral and the matrix (primarily type I collagen fibrils) con- 
stituents. 31'43"48 Bone has been shown to exhibit a region of 
elastic (or recoverable) deformation, followed by a region of 
plastic (or permanent) deformation. 43 Based on tensile testing of 
progressively decalcified bovine bone tissue, Burstein et al. 7 hy- 
pothesized that the elastic deformation of bone is governed prin- 
cipally by the mineral, while the plastic deformation of bone is 
governed by a combination of elastic-perfectly plastic behavior 
of the mineral, and purely elastic behavior of the collagen matrix. 

Studies of the effect of alterations of the ultrastructure of bone 
tissue on mechanical properties have focussed more on the min- 
eral content and/or mineral composition than on the collagen 
matrix. 1°'54 Currey 1~ demonstrated that the elastic modulus of 
bone tissue (the slope of the elastic region of the tensile stress- 
strain relationship) increases with an increase in mineral content 
among a variety of species. Variations in mechanical properties 
of osteopenic tissues have also been associated with alterations in 
mineral content 25"48 and the bending and torsional stiffness of 
bones of hypomagnesemic rats have been shown to decrease with 
reductions in ash content and altered mineral distribution. 6 In 
these instances, the composition of the organic matrix was not 
characterized; thus, mineral and matrix effects could not be 
separated. 

The mechanical properties of bone tissue have been shown to 
be affected by alterations in the collagen matrix, but in these 
studies there were also abnormalities in mineral content. For 
example, the importance of collagen intermolecular cross-links 
to the mechanical performance of bone is apparent in lathyrism, 
an animal disease caused by eating the seeds of sweet peas 
(Lathyrus odoratus). The seeds contain [3-aminopropionitrile 
(BAPN), which irreversibly inhibits the activity of copper- 
dependent lysyl oxidaseY Thus, BAPN ingestion reduces the 
formation of collagen cross-links, among other effects. In addi- 
tion to alternating the collagen matrix, BAPN also decreases 
bone mineralization in vitro and in vivo .  19"42'46'52 The biome- 
chanical effects of altered bone matrix and mineralization in 
BAPN treated rats were demonstrated by Spengler et al. 52 and 
more recently by Lees et al., 27"28 who tested rat femora in torsion 
and found both a decrease in torsional stiffness and a decrease in 
torsional strength. These results support the hypothesis of Burst- 
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ein et al. 7 in that a decrease in torsional stiffness is consistent 
with a decrease in bone mineral and a decrease in torsional 
strength is consistent with an impaired collagen matrix and/or a 
decrease in bone mineral. 

Collagen cross-linking can also be altered by other lysyl oxi- 
dase inhibitors (e.g., isoniazid, thiosemicarbazine) 8'3°'5-~ and cop- 
per chelators; 22 but these too may result in defective mineraliza- 
tion as suggested by the lathyritic appearance of these animals. In 
a nonmineralized model, Opsahl et al. reported a decreased ten- 
don and bone strength in animals given a copper deficient diet to 
reduce collagen cross-linking. 4° Penicillamine ([3,[3 methylcys- 
teine) and homocysteine form adducts with the reactive alde- 
hydes generated by lysyl oxidase 49 and consequently impair col- 
lagen cross-linking, j2'24 Although penicillamine does not pre- 
vent the synthesis of aldehyde-derived cross-links like BAPN, it 
inactivates them by selective binding. Mineral and mechanical 
studies in animals treated with penicillamine or given a homo- 
cysteine-rich diet are not available. 

To our knowledge, there have been no studies on bone show- 
ing changes in mechanical properties, when the matrix is altered, 
while the mineral is not. Recent reports of mild skeletal abnor- 
malities in chickens given a moderately vitamin B6-deficient diet 
2 weeks after birth suggested these animals might provide a 
model in which these effects could be separated. The effects of 
this moderate B6-deficiency on long bones have already been 
characterized by Mass6 et al. 32 using histomorphometry and 
roentgenography. In brief, the morphometric study revealed that 
the vitamin B6-deficient trabecular bone had a 1.5- to 2-fold 
decrease in osteoid volume and surface with no change in tra- 
becular bone volume. Preliminary mineral analysis revealed no 
differences in mineral content or crystal size. 

It is believed by many that pyridoxal phosphate (PLP), the 
coenzyme form of vitamin B6, in addition to copper, is required 
for lysyl oxidase activity. J~.3o,38 According to Fujii et a1.,18 bone 
collagen cross-link formation is reduced in vitamin B 6 defi- 
ciency. A previous electron microscopic study revealed that the 
collagen fibers in articular cartilage of chickens given a vitamin 
B6-deficient diet, or a homocysteine-rich diet, are abnormally 
(1.5-fold) enlarged as compared to controls. 33 However, the col- 
lagen cross-link analysis on B6-deficient articular cartilage and 
tendon did not reveal any significant changesY The aim of the 
present study was to determine whether the loss of structural 
integrity of connective tissue induced by pyridoxine (vitamin B~,) 
deficiency will affect the biomechanical properties of bone tis- 
sue. For this purpose, four-point bend tests were conducted on 
the tibias of vitamin Br-deficient and normal chicks. Chemical 
and spectroscopic studies were conducted to confirm the absence 
of mineral abnormalities and the existence of an altered collagen 
matrix. Thus, assuming the lack of mineral abnormality could be 
confirmed, the vitamin Br-deficient chick would provide a model 
to examine the effect of collagen matrix abnormalities alone on 
the mechanical performance of bone tissue. 

Materials and Methods 

Animals 

One day-old male Lohmann chicks (rapidly growing commercial 
broilers) were randomly assigned to a control (adequate vitamin 
B 6 diet) or a vitamin B6-deficient diet. There were ten animals in 
the experimental group and four in the control group. Chicks 
were weighed at the beginning of the experiment; each group had 
a similar mean initial body weight (43 _+ 5 g). 

The experimental and control basal diets, based on corn- 

soyamin, were vitamin and mineral supplemented to fulfill all 
nutritional requirements during growth. 34 The vitamin D level 
was kept constant and the Ca:P molar ratio of 1.5:1 was optimal 
for chick bone growth. Microbiological analysis revealed that the 
experimental diet contained 0.4 mg vitamin B6/kg, while the 
control contained 3.0 mg vitamin B6/kg. In order to assure a 
normal growth and an anabolic state, the vitamin B6-deficient 
diet was initiated only after the chicks were 2 weeks old. Feed 
and water were provided ad libitum throughout the 6 week ex- 
periment. Chicks were weighed twice weekly and examined to 
make sure they did not suffer a loss of appetite, growth retarda- 
tion or neurological symptoms characteristic of a severe vitamin 
B 6 deficiency. 47 

At the end of the experiment, 4 mL of fasting blood was 
collected by jugular venipuncture using a heparinized syringe. 
The blood was centrifuged for 10 min at 1000g and plasma was 
collected for biochemical analyses. The plasma calcium and 
phosphorus contents were determined by means of an automated 
COBAS Bio-autoanalyzer (Hoffmann-LaRoche, Switzerland). 
Plasma amino acids were determined by using a standard method 
on a Beckman amino acid analyzer. Erythrocytes were resus- 
pended in an equal volume of isotonic saline and centrifuged for 
10 min at 1000g. The supernatant was discarded and the eryth- 
rocytes were analyzed for the PLP content according to Coburn 
and Mahuren 's  method. 9 Plasma was analyzed for PLP using the 
same method. Results are reported for erythrocyte PLP, since 
these are more indicative of tissue levels. In plasma, PLP is 
rapidly dephosphorylated by alkaline phosphatase, w 

Immediately after the sacrifice of the animals by cervical 
dislocation, the tibias were dissected, cleaned of soft tissue, 
wrapped in saline soaked gauze, and stored frozen at -70°C until 
testing. Radiographic and biomechanical studies were followed 
by chemical analyses of mineral content and composition, amino 
acid composition, and collagen solubility of tested bones. 

Radiographic Evaluation 

The tibias were radiographed (60 kV, 4.5 min) in the anterior- 
posterior plane prior to mechanical testing. To consider the in- 
fluence of geometrical variation on whole bone mechanical prop- 
erties, the endosteal (d) and periosteal (D) diameters were mea- 
sured at the approximate location of each of the four loading 
points in the four-point bend test. Tibial cross sections at each of 
the four locations were then calculated assuming that the cross 
sections were circular. Area moment of intertia (I) was calculated 
assuming a circular cross section, (w/64) * (D 4 - d4), and aver- 
aged for the four loading point locations. The tibial length was 
also measured. A comparison of geometrical cross sections and 
of tibial lengths of the control and Br-deficient  tibias was 
conducted. 

Mechanical Testing 

Left and right tibias were tested in four-point bending. Prior to 
testing, the bones were thawed to room temperature. Bones from 
four control group animals and from nine experimental animals 
were tested. The tests were performed in ambient air on an MTS 
closed-loop servohydraulic test apparatus at a displacement rate 
of 6.25 mm/sec. Testing to failure was performed in the medial- 
lateral (ML) plane, using an outer support span of 33 mm and an 
inner span of 11 mm. Load versus displacement of the loading 
ram was recorded on a personal computer. Specimens were se- 
lected randomly for testing and were kept wet with distilled 
water throughout testing. The whole bone properties of fracture 
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load (N) and fracture deflection (mm) were determined directly 
from the load vs. displacement curve for each specimen. Offset 
yield load and deflection were determined at the intersection of 
the line parallel to the slope of the initial linear region of the load 
versus displacement curve offset by 0.05 mm. 

Prior to failure testing, each specimen was loaded elastically 
in load control to 5.62 N at a loading rate of 2.81 N/sec. Stiffness 
(N/m) and elastic modulus (GPa) were calculated from this pre- 
failure test according to ASTM D790.~ In calculating the elastic 
modulus, the average of the endosteal and periosteal cross sec- 
tions from the four loading points was used. 

Mineral and Matrix Composition 

Following mechanical testing, bone from the fracture site was 
lyophilized, ground in a freezer mill (Spex, Metuchen, NJ, USA) 
at liquid nitrogen temperatures, and three sets of aliquots set 
aside for mineral analyses. For analysis of mineral content, trip- 
licate aliquots (2-4 rag) were transferred to weighed dry cru- 
cibles. Dry weight was determined following heating to constant 
weight at 110°C. Ash weight was determined following heating 
to constant weight at 600°C. Mineral content was calculated as 
the ratio of ash weight to dry weight. Ten milligram aliquots of 
ground bone were subjected to wide-angle X-ray diffraction us- 
ing Cu Ks  radiation. The line width at half-maximum of the 
c-axis 002 reflection was measured as an index of crystallite 
size. 26 Two milligram aliquots of ground bone were mixed with 
100 mg KBr, and pellets prepared for infrared spectroscopy. The 
pellets were analyzed on a Mattson Cygnus Fourier Transform 
Infrared (FTIR) Spectrometer. Typically, the relative scans at 4 
cm -I resolution were collected. The spectra were analyzed to 
provide information on the relative mineral to matrix ratio [ratio 
of integrated areas of the phosphate vl, v 3 mode (900-1200 
cm -I)  to the amide I band (1580-1650 cm-J)] and the carbonate 
(840-890 cm -~) to phosphate ratio. 

The remaining bone was dissected into metaphyseal and di- 
aphyseal regions, ground as described above, and aliquots used 
for analyses of amino acid composition, collagen solubility and 
cross-links. Amino acid analyses were performed on HC1 hydro- 
lysates (6N, 18 h, 110°C) of EDTA-demineralized ground bone 
using a Beckman auto analyzer. 

To determine the relative solubility of the collagen in the 
ground undecalcified cortical bones, ~ 1 0 0  mg aliquots were 
extracted sequentially in 0.5M EDTA (pH 7.4), 1 mol/L NaCI 
(pH 7.4), and 3% acetic acid. 2°'36 Each extraction was carried out 
at 4 ° for 3 days, after which the solution was centrifuged (17 000 
rpm, 30 min, 4°C), the pellet washed with the extracting solution 
(which was pooled with the original extract), water washed, ly- 
ophilized, and weighed before extraction with the next solvent. 
The 3 day demineralization was selected based on preliminary 
experiments, which demonstrated 95% of the mineral was re- 
moved in this time. The extracts, dialyzed against water and 
lyophilized, were weighed and used for analysis of hydroxypro- 
line (Hyp) according to the method of Hutterer and Singer, 2~ as 
was the final pellet and starting material. 

Collagen Cross-links 

Bone samples were pulverized under liquid nitrogen using a 
Spex Freezer Mill (Spex, Inc, Metuchen, NJ, USA), weighed, 
and demineralized with 0.5M EDTA, pH 7.4, until the solution 
was Ca-free. The powder was then washed with distilled de- 
ionized water and lyophilized. The dried samples (approximately 
5 mg) were suspended in 0.15M N-trismethyl-2-aminoethane- 

sulfonic acid (TES)-buffer, pH 7.5, and reduced with standard- 
ized NaB3H4 . Standardization of NaB3H4 and reduction was per- 
formed by the method described previously. 58'61 The reduced 
samples were then hydrolyzed with 6N HC1 in vacuo after flush- 
ing with N 2 at 105°C for 24 h. The hydrolysates were dried under 
reduced pressure in a vacuum centrifuge (Savant Instruments, 
Hicksville, NY, USA), and the residue was dissolved in 1 mL of 
water and filtered. An aliquot of the hydrolysate was subjected to 
amino acid analysis to determine Hyp content. The hydrolysates 
with known amounts of Hyp were then analyzed for reducible 
and nonreducible cross-links on a Waters high-performance liq- 
uid chromatograph fitted with a stainless-steel amino acid col- 
umn (AA911, Interaction, Mountain View, CA, USA). It was 
linked to an on-line flow liquid scintillation monitor (FIO- 
ONE[3, Radiomatic Instruments and Chemical, Walnut Creek, 
CA, USA) and a fluorescence flow monitor (JASCO Instruments 
Co., Japan). 61 The major cross-links identified were dehydro- 
dihydroxylysinonorleucine (reduced form, DHLNL), dehydro- 
hydroxylysinonorleucine (reduced form, HLNL), pyridinoline 
(Pyr), and deoxypyridinoline (D-Pyr). The former two are reduc- 
ible, and the latter two nonreducible. Nonreducible cross-links, 
Pyr and D-Pyr were quantified by fluorescence (E x 330 nm, E,, 
390 nm) standardized by apparently pure Pyr cross-linked pep- 
tides isolated from tryptic and/or collagenase digests of bovine 
bone, Achilles tendon, and dentin collagens. 56"57'59"61'63 Reduc- 

ible cross-links identified by their chromatographic elution po- 
sitions on the HPLC were quantified by integrating the respective 
radioactive cross-link peaks and converting the area counts into 
a mole/mole of collagen bases using the specific activity of 
NaB3H4 and a value of 300 residues of hydroxyproline per col- 
lagen molecule. 59 

Data Analyses 

Data are reported as mean _+ standard deviation (SD). Compara- 
bility of the two treatment groups regarding biological, bio- 
chemical, and biomechanical variables was assessed by unpaired 
Student's t-test or nonparametric Mann-Whitney test, whenever 
data followed a non-Gaussian distribution. Bartlett's test was 
used to verify equality of SD. The two-tailed criterion at the 
significance level P < 0.05 was employed. For the mechanical 
data, values beyond two SD of group means were deleted. 

Results 

Vitamin B 6 deficiency was characterized by a two-third reduc- 
tion of PLP in erythrocytes (Table 1). Deficient animals grew 
normally and their weight gain at the end of the 6-week experi- 
ment was slightly, but not significantly, lower than controls. The 

Table 1. Anthropometric and biochemical assessments of vitamin B 6 
deficient (-Br) and control chicks (+B6) 

Units -B 6 +B 6 

Body weight (kg) 1.51 -+ 0.20 1.67 _+ 0.12 
Pyridoxal phosphate (nmol/L) erythrocyte 47.6_+ 9.8 a 239 _+ 71 
Ca ++ (mmol/L) plasma 2.81 -+ 0.06 2.75 _+ 0.11 
PO43 (mmol/L) plasma 2.62 _+ 0.17 2.61 _+ 0.24 
Methionine (nmol/L) plasma 149 _+ 51 148 _+ 32 
Cystathionine (nmol/L) plasma 45 _+ 23 b 6.5 _+ 3.3 
Homocysteine (nmol/L) plasma 213 _-4- 26 c 3.8 _+ 4.3 
Cysteine (nmol/L) plasma 17 + 9.7 b 89 -+ 14 

ap < 0.01; bp < 0.05; Cp < 0.001. 
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Table 2. Biological and mineral properties of tibia of vitamin B 6 defi- 
cient (-B6) and control (+B6) animals 

- B  6 +B 6 

Wet weight (g) 12 +- 1.5 a 14 __. 1.2 
Length (cm) 10.0 -+ 0.3 9.9 --_ 0.1 
Diaphyseal diameter (mm) 

Endosteal 4.2 _+ 0.7 4.4 + 0.6 
Periosteal 5.3 - 0.8 5.6 -+ 0.5 
Area moment of inertia (mm 4) 25.1 -+ 12.5 31.5 --_ 7.6 

Ash weight (%) 63.1 -+ 6.1 58.4 ~- 3.1 
13o02 (°20) 0.50 -+ 0.19 0.49 _+ 0.01 
Phosphate: Amide I 4.16 -+ 0.58 4.52 _+ 0.22 

(ratio of integrated areas) 
Carbonate: Phosphate 0.0157 _+ 0.002 0.0133 ~- 0.001 

(ratio of integrated areas) 

ap < 0.05. All values mean _+ SD for nine experimental and four control 
animal right and left bones. 

B6-deficient chicks did not show detectable neurological symp- 
toms, although bone and joint  abnormalities were usually appar- 
ent and have been described in detail elsewhere. 32 As shown in 
Table 1, the lack of vitamin B 6 did not affect the plasma Ca++/ 
PO43 homeostasis, but clearly affected amino acid metabolism, 
namely the B6-dependent sulfur amino acid metabolic pathways 
as reported by several other investigators. 5°'51'53 For instance, 
plasma homocysteine (p < 0.001) and cystathionine (p < 0.01) 
levels in B6-deficient animals were significantly increased rela- 
tive to controls. 

Tab le  2 summarizes the biological and mineral properties of 
the tibia of B6-deficient and cortical animals, length, periosteal 

and endosteal diaphyseal diameters, area moment of inertia, di- 
aphyseal thickness, ash weight, line width at half-maximum of 
the c-axis 002 reflection, phosphate: amide 1 ratio, and carbonate: 
phosphate ratio. Only the wet weights of the B6-deficient tibiae 
were significantly different from the control tibiae. The lengths, 
diaphyseal inner and outer diameters, and cortical thickness be- 
tween the two groups were not significantly different. The area 
moment of inertia was also not significantly different. The ashing 
of tibial bone diaphyseal segments confirmed that the amount of 
mineral was not significantly different between groups. X-ray 
diffraction analysis similarly revealed that the average size of the 
mineral crystals as measured in the bones by line broadening 
(13oo2) was not affected by the vitamin Br-deficient diet. This was 
further confirmed by the FTIR analyses which showed no dif- 
terence in relative mineral to matrix ratio or carbonate: phos- 
phate ratio, The spectra also showed no alterations in the shapes 
of the amide I or phosphate bands when control and experimental 
animals were compared (Figure 1). 

Table 3 summarizes the mechanical properties determined 
from four-point bending of the tibiae from the vitamin B(,- 
deficient and control animals. The offset yield load and fracture 
load were significantly reduced in the B6-deficient group, while 
the other properties (offset yield deflection, fracture deflection, 
stiffness, and elastic modulus) were not significantly different. 

There were no detectable alterations in bone amino acid com- 
position due to vitamin B 6 deficiency, expressed here as residues/ 
1000 residues (Table  4). Based on hydroxyproline analysis, there 
was no difference in the total collagen contents of the bone with 
52 _+ 14 ~g Hyp/mg in the B6-replete animals and 45 _+ 6 p~g 
Hyp/mg in the B6-deficient bones (Table  5). The proportion of 
Hyp solubilized from the Br-deficient bones by EDTA, neutral 
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W a v e n u m b e r s  
Figure 1. FTIR spectra of vitamin B6-deficient ( -Br)  and control (+B6) bones. The v l v  3 phosphate modes (phosphate) and the amide I modes (used 
to calculate the mineral to matrix ratio) are indicated. 
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Table 3. Biomechanical data 

B 6 deficient B 6 replete 

Offset yield load (N) 124 -+ 14 a 165 -+ 9 
n = 8  n = 4  

Offset yield deflection 0.97 ± 0.19 0.86 -+ 0.19 
n = 8  n = 4  

Fracture load (N) 151 _+ 23 a 203 -+ 35 
n = 8  n = 4  

Fracture deflection (mm) 2.01 -+ 0.22 2.30 -+ 0.50 
n = 8  n = 4  

Stiffness (N/m) 0.13 -+ .03 0.15 -+ .03 
n = 9  n = 4  

Elastic modulus (GPa) 12.05 -4 .45  10.91 -+ 3.8 
n = 9  n = 4  

ap _< 0.05. All values mean _+ SD for n determinations. 

salt, and  acetic acid ext rac t ions ,  howeve r ,  was  s ign i f ican t ly  
greater  than  that extracted f rom the control  bones  (25 _+ 3% vs. 
10.1 _+ 3%)(p = 0.001) (data not  shown) .  T hese  va lues  are based  
on expe r imen t s  in wh ich  each fraction was ana lyzed  (n = 4 and 
3, respect ively) .  For  a n u m b e r  o f  exper iments ,  the extract  Hyp  
concent ra t ion  was  too smal l  to al low detection.  T hus  to portray 
the  extract ion profile, da ta  in Table  5 are presented  as a ratio o f  
extract  Hyp  to inso luble  Hyp  rather  than  as a func t ion  o f  total 
Hyp,  wh ich  could  not  be de te rmined  for all spec imens .  

The  conten ts  o f  nonreduc ib le  col lagen cross- l inks  pyr idino-  
line (Pyr) and  its lysyl  ana logue  (D-Pyr)  o f  control  and  altered 
Br -def ic ien t  bones ,  were similar ,  whe reas  the reducible  cross-  
l ink contents  differed ( T a b l e  6). In the B6-deficient  a n i m a l ' s  
bones ,  D H L N L  was  found  to be  s ignif icant ly  h igher  than in 
controls  (by 18%). Whi l e  the 20% elevat ion  in B6-deficient  ani- 
m a l ' s  bones  H L N L  content  was  not  stat ist ically s ignif icant ,  data  
showed  a clear  t rend o f  elevation.  Ano t he r  nonreduc ib le  cross-  
l ink h i s t i d i n o h y d r o x y l s y s i n o n o r l e u c i n e  62 was  vir tual ly absen t  
f rom these  samples .  A l t h o u g h  s ignif icant  a m o u n t s  o f  free alde- 
hydes  o f  lys ine  and  hydrosy lys ine  were also found  in both  B 6 
def ic ient  and  control  bones ,  they  were not  quant i f ied  due  to the 
complex i ty  o f  ch roma tog raphs  a round  their e lut ion posit ion.  The  

Table 4. Amino acid content of vitamin B 6 deficient (-B6) and vitamin 
B 6 replete (+B6) chick tibia (residues per 1000) 

(+B 6) (-B6) 
Amino acid n = 4 n = 4 

Asp + Hyp a 743 _+ 80 807 -+ 102 
Thr 255 -+ 38 245 -+ 13 
Ser 338 -+ 36 329 + 42 
Glu 796 -+ 69 804 -+ 24 
Pro 1144 -+ 59 1210 -+ 114 
Ala 1152 -+ 57 1276 -+ 96 
Gly 2980 -+ 141 3139 -+ 92 
Val 229 _+ 133 202 -+ 126 
Met 60 -+ 15 51 _+ 5 
lie 170-+ 14 179-+ 16 
Leu 399 -+ 29 415 -+ 30 
Tyr 89 -.+ 6 44 -+ 45 
Phe 214 ± 14 233 -+ 21 
His 95 ± 12 103 -+ 13 
Lys 345 -+ 19 372 ± 17 
Arg 494 -+ 80 469 -+ 52 
Cysta b 71 -+8 332-+314 

aHydroxyproline. 
bCystathionine. 

Table 5. Comparative solubility of collagen (as hydroxyproline) in the 
vitamin B 6 deficient (B6-) and replete (B6 +) chick 

B 6 B6+ p 

Collagen content 52 -+ 14 txg/mg 45 -+ 6 NS 
n = 5  n = 4  

% Soluble 20.1 -+ 2 10.1 -+ 2.8 0.0014 
(Hypsol/Hyptotal) n = 5 n = 3 

Fractional solubility 
(HyPso/HyPin~ol) 

EDTA 

Neutral salt 

Acetic acid 

0.10-+0.07 0.022-+0.01 0.019 a 
n = 9  n = 4  

0.019 -+ 0.015 0.0135 -+ 0.007 NS 
n = 8  n = 3  

0.092-+0.021 0.083-+0.018 NS 
n = 6  n = 4  

aNonparametric test as SDs not equal. 

ratio o f  reducible  cross- l inks ,  D H L N L / H L N L ,  and the ratio o f  
ma ture  (nonreducible)  cross- l inks ,  Pyr /D-Pyr  were increased but  
not  s ignif icant ly,  indicat ing hyd roxy lys ine  content  was  not  sig- 
nif icant ly increased.  

D i s c u s s i o n  

Thi s  s tudy  d e m o n s t r a t e s  that  the  v i t amin  B6-def ic ien t  fast-  
g rowing  male  ch ick  m a y  provide  an animal  mode l  in which  the 
effect  o f  a matr ix  abnormal i ty  on bone  mechan ica l  propert ies  can 
be separated f rom those  o f  minera l  defects .  The  v i tamin  B 6- 
deficient  chicks  were  found  to show no changes  in p l a sma  ion 
markers  o f  minera l  homeos t a s i s  (ca lc ium and phospha te  concen-  
trations).  The  minera l  content  and  other  character is t ics  o f  B 6- 
def ic ient  t ibia as measu red  by X-ray  diffract ion and FFIR  were 
unaltered.  Nonco l l agenous  prote ins  were not  s tudied because  
they are not  cons idered  to be major  componen t s  contr ibut ing to 
mechan ica l  propert ies.  The  only  changes  detected were the in- 
c reased  col lagen solubil i ty and the altered col lagen cross- l inks .  
These ,  a long  with the prev ious ly  reported t rabecular  h i s tomor-  
phomet r i c  al terat ions and  cortical th inn ing  32 conf i rm the validity 
o f  the model .  

The  lack o f  a s ignif icant  d i f ference  in elastic m o d u l u s  be- 
tween the B6-deficient  and control  tibias is cons is ten t  with the 
lack o f  a s ignif icant  d i f ference  in minera l  content  and  compos i -  
tion. The  decreased  offset  yield and  fracture loads in the  B 6- 
def ic ient  tibia m a y  be  due  to the  al terat ions in the col lagen cross-  
links, as d i scussed  below. Addi t ional ly ,  though  not  s ignif icant ,  
the  t rend toward  smal le r  endostea l  and periosteal  d iameters ,  and 
decreased  area m o m e n t  o f  inertia in the  B6-deficient  t ibias m a y  
have  also contr ibuted to these  decreased  mechan ica l  properties.  

The  minera l  c o m p o n e n t  in the B6-deficient  cortical bone  was 
not  s ignif icant ly  different  f rom that  in the control  chick cortical 
bone  in te rms  of  amount ,  compos i t ion ,  and  crystal  properties.  
T w o  independen t  me thods  were  used  to m e a s u r e  the proport ion 
o f  minera l  in the g round  bone,  ash  weight  de terminat ion  and  
m e a s u r e m e n t  o f  the  ratios o f  the integrated areas  o f  minera l  and  
matr ix  c o m p o n e n t s  in the FTIR spectra.  Similarly,  based  on 
X-ray  diffract ion m e a s u r e m e n t  o f  the  line b roaden ing  o f  the c- 
axis  ref lect ion wh ich  is inverse ly  proport ional  to the crystall i te 
size and  perfect ion in the  needle  (c axis)  direction,  the crystals  
were o f  comparab le  size/perfect ion.  The  shape  o f  the phospha te  
bands  in the  infrared spectra  were identical,  conf i rming  the X-ray 
results ,  and  es tabl i sh ing  that there were  no di f ferences  in the 
relat ive a m o u n t s  o f  acid phosphate ,  nons to ich iomet r ic  apatites, 



572 P.G. Masse et al. Bone Vol. 18, No. 6 
Vitamin BE-deficient chick bones June 1996:56%574 

Table 6. Collagen cross-links (mol/mol collagen) 

DHLNL P~r 
DHLNL" HLNL b HLNL Pyrc D-Pyr d D-Pyr 

-B 6 1.03 _+ 0.07 ~ 0.509 -+ 0.033 2.04 _+ 0.22 0.055 _+ 0.017 0.028 _+ 0.006 1.93 _+ 0.45 
+B 6 0.84 _+ 0.13 0.428 -+ 0.029 1.86 -+ 0.25 0.049 _+ 0.011 0.028 _+ 0.006 1.68 + 0.39 

aDehydro-dihydroxylysinonorleucine. 
bDehydro-hydroxylysinonorleucine. 
CPyridinoline. 
aDeoxypyridinoline. 
~p -< 0.001. 

etc. that contribute underlying components to the phosphate ab- 
sorption band. Additionally, the carbonate to phosphate ratio 
calculated from the infrared spectra was unaltered, again con- 
firming the similarity of the mineral in the powdered bone 
specimens. 

Collagen intermolecular cross-linking is essential for the me- 
chanical properties of the collagen fibril matrix such as stability 
and tensile strength. Vitamin B 6 deficiency has been associated 
with altered cross-link formation in both collagen and elas- 
tin. 18'39 Fujii et a l l  8 using severely B6-deficient rats reported, as 
we do, an increase in the amount of soluble collagen in the bones 
of B6-deficient animals as contrasted with control. They found 
twice as much collagen in the neutral salt extract, and 1.25 times 
as much in the acetic acid extract. They did not measure the 
collagen extracted during EDTA decalcification. However, they 
found that the proportions of DHLNL and HLNL to Hyp were 
reduced in the insoluble fraction of the B6-deficient rat bone. In 
contrast, the moderately B6-deficient chick had increased pro- 
portions of these reducible cross-links. It should be noted here 
that chicken bone is known to contain high concentrations of 
reducible cross-links and very low concentrations of Pyr D- 
Pyr ]  5'16 It is also well documented that an increase in reducible 
cross-links occurs in metabolically active tissues, such as granu- 
lation tissues, 2 osteogenic osteoblastoma, 3 and acute disuse os- 
teoporosis. 64 A similar increase in metabolic activity may well be 
taking place in the B6-deficient chick bones, as suggested by the 
histomorphometric data, 32 and the observation that while total 
cross-link content was unchanged, the B6-deficient bones had 
increased reducible (i.e., newly formed) cross-links. 

Vitamin B 6 is essential for most amino acid synthesis and 
turnover, thus its deficiency may have general systemic effects as 
implied by the plasma amino acid composition in the vitamin 
B6-deficient animals. No significant alterations in bone amino 
acid composition were detected in this study. However, signifi- 
cant changes in plasma amino acids related to metabolic sulfur 
amino acid interconversions were observed. The elevation of 
those amino acids may have contributed to bone matrix abnor- 
malities. Several previous studies also showed that plasma ho- 
mocysteine concentrations are elevated in vitamin BE-deficient 
animals. 37'45'5°'51 Excess quantities of homocysteine and cysta- 
thionine accumulate because of the requirements of cystathionine 
synthase (E.C.4.2.1.22) and cystathionase (E.C.4.4.1.1) for vita- 
min B6 .5°'53 The collagen defect in homocystinuria is attributed 
to blocking of the aldehyde groups by homocysteine thereby 
blocking cross-link formation. 24'45 In contrast to the aldehyde- 
deficient lathyritic collagen, the penicillamine containing colla- 
gen (and probably, by analogy, homocystinuric collagen) has an 
aldehyde content greater than normal. 12,13 

Our previous chick studies repeatedly showed that vitamin 
BE-deficient collagen differed from normal. The total aldehyde 
content (measured spectrophotometrically based on benzothiazo- 
lone hydrazone 4~) in anterior cruciate ligament from BE-deficient 

chicks was found to be significantly higher as compared to con- 
trols (unpublished data). Collagen fibers in articular cartilage 
(predominantly Type I in the chick according to Eyre et al. 16) 
appeared to be swollen when examined by electron micros- 
copy. 33 This fibrocartilage contained a more soluble collagen as 
revealed by the higher proportion of neutral salt-soluble colla- 
gen. 32 Higher proportions of neutral salt soluble collagen are 
similarly found in ovo when chicks are injected with a vitamin 
B 6 antimetabolite or the lathrogen BAPN. 5 Increased tissue hy- 
dration and collagen solubility are also hallmarks of BAPN- 
induced lathyrism. BAPN- and penicillamine-treatment result in 
the production of more soluble collagen as reflected in the in- 
crease in neutral salt soluble collagen fractions from chick em- 
bryo and rat skin. 29'3° The present study on bone, in contrast to 
a previous study on cartilage, 32 did not show a significantly 
higher proportion of salt soluble collagen. However, the total 
collagen in the B6-deficient bones was more soluble and the 
EDTA-solubi l ized collagen fraction greater than in normal 
bones. Similarly, Fujii et al. is reported that more collagen in 
vitamin BE-deficient rat bone and skin could be solubilized in 
neutral salt and acid solvents as compared to controls. In Desh- 
mukh et al. 's study, 12 significantly larger amounts of all soluble 
collagen fractions were present in the bone of this penicillamine- 
treated rats. A high hydroxylysine content of the acid soluble 
collagen was also a feature of this penicillamine treatment. More- 
over, the incorporation of 4,5 3H-L-lysine into aldehyde deriva- 
tives present in acid soluble collagen following reduction with 
NaBH 4 and base hydrolysis revealed a higher amount (cpm/mg 
collagen) of dihydroxynorleucine (reduced form of hydroxylysyl 
aldehyde) in treated rats than in normal animals. Assuming that 
lysyl oxidase activity is not increased, this aldehyde precursor of 
DHLNL can only be produced in higher amounts if more sub- 
strate (namely hydroxylysyl residues) is present; an event that is 
unlikely to occur in vitamin B 6 deficiency. The hydroxylysine 
content of bone was not measured in the present study. However, 
the ratio of reducible cross-links, DHLNL/HLNL, and the ratio 
of mature cross-links, Pyr/D-Dpyr, indicated a trend (in the same 
direction in both cases) but no significant differences, indicating 
that hydroxylation of lysine residues involved in cross-linking 
was not significantly changed. 

There are several alternative mechanisms which might ac- 
count for the matrix defects and the lowered bone strength, al- 
though they are less likely. Pyridoxal phosphate is a substrate for 
alkaline phosphatase, 17.23 an enzyme key in mediating bone for- 
mation.17 In the presence of decreased pyridoxal phosphate, local 
phosphate concentrations might have been reduced, and as a 
consequence, the amount of mineral might have been dimin- 
ished. However, the absence of mineral abnormalities in the pre- 
sent study suggests that the decreased availability of one of many 
such alkaline phosphatase substrates had little effect. The earlier 
biochemical study 32 did however show a significantly reduced 
activity of the bone alkaline phosphate isoenzyme in plasma. 
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Since a single substrate deficiency is not apt to affect the enzyme 
activity, the reported reduction in alkaline phosphatase activity 
may be indicative of a reduction in osteoblastic activity or in 
protein synthesis. In general, protein synthesis does not seem to 
be affected by vitamin B 6 deficiency, particularly in the case of 
a moderately deficient diet with normal growth rate as in this 
study. Since the total protein content was not measured in the 
present or earlier studies, we cannot be sure which one of the 
two, synthetic activity or number  of osteoblasts, was reduced. 

One possible cause for altered matrix synthesis and turnover 
might be the destabilization of DNA associated with a decreased 
concentration of polyamines. Ornithine decarboxylase, the rate 
limiting enzyme in the synthesis of polyamines, has an absolute 
requirement for PLP. t4 The polyamines stabilize DNA, and thus 
could affect cell and calcium, and phosphate metabolism, as well 
as matrix synthesis. Alterations in polyamine production does not 
seem to be important in the vitamin B6-deficient model studied 
here, since neither plasma ornithine values nor serum calcium 
and phosphate levels were significantly affected. 

The other possible mechanism, which we cannot totally ex- 
clude, is altered matrix turnover. The previous study on histo- 
morphometry of B6-deficient trabecular bone revealed a signifi- 
cantly lower osteoid tissue surface and volume and a greater 
eroded surface compared to controls. 32 The first morphometric 
change suggests that there is less total trabecular bone matrix in 
general. Similar data are not available for cortical bone. How- 
ever, the unmodified mineral and collagen (Hyp) content of the 
cortical bone in the current study indicates that if there is less 
bone, what there is, mineralized normally. The second major 
morphometric change in the trabecular bone suggests that bone 
collagen turnover is increased with degradation exceeding syn- 
thesis. A high turnover rate in trabecular bone would preclude 
formation of nonreducible (mature) cross-links in a collagenous 
tissue, since a short residence period of reducible cross-links 
does not favor their formation. The end result would be the net 
increase in DHLNL and HLNL, as is seen in the immobilized 
monkey experimental model of osteoporosis. 64 In agreement 
with this model, no significant changes were observed in the 
contents of mature cross-links in the cortical bone analyzed. Only 
with a rapid synthesis of new collagen can there be an increase 
in the reducible cross-links. The higher solubility of collagen 
found previously in cartilage 32 and currently in cortical bone is 
consistent with a higher amount of newly synthesized collagen. 
Similarly, periodontal ligament, known as an exceptionally high 
turnover collagenous tissue, has an abundant amount of reducible 
cross-links and few if any mature cross-links. 6~ 

Thus B 6 deficiency in the chick, either because of direct 
effects on collagen cross-link formation, or indirect systemic 
effects on osteoblast metabolism, results in bone in which the 
architecture is slightly albeit significantly modified, and collagen 
is more soluble. The vitamin B6-deficient chick bones have re- 
duced fracture strength, in the absence of impaired mineraliza- 
tion. An osteoporotic-like bone disorder induced by severe vita- 
min B 6 deficiency was described roentgenographically by Benke 
et al. 4 in rats. Abnormalit ies in fracture healing in these animals 
were also reported. ~4 It is of interest to note that hip fracture 
patients have been reported to be vitamin B 6 deficient 44 suggest- 
ing that B 6 deficiency may be a risk factor for osteoporotic 
fractures. 

Conclusion 

In summary, vitamin B 6 deficiency affects the structural integrity 
of collagen and consequently modifies the fracture strength of 

bone in the absence of alterations to the mineral. The present 
study underscores the contribution of the collagen matrix to the 
mechanical properties of bone. 
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