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Abstract Hyperhomocysteinemia (HHCY) has been

shown to disturb bone metabolism and to increase the inci-

dence of osteoporosis and osteoporotic fractures. However,

there is a complete lack of information on whether these

metabolic alterations affect bone repair. The aim of this

study was to analyze the impact of HHCY on fracture heal-

ing. One group of mice was fed a homocystine-supplemented

diet (n = 12), whereas another group received the accordant

standard diet for control (n = 13). Four weeks after the

stable fixation of a closed femoral fracture, animals were

killed to prepare bones for histomorphometric and biome-

chanical analyses. In addition, blood samples were obtained

to evaluate serum concentration of homocysteine (HCY).

Quantitative analysis of blood samples revealed severe

HHCY as indicated by significantly increased serum con-

centrations of HCY in animals fed the homocystine-sup-

plemented diet (102.2 ± 64.5 lmol/l) compared to controls

(2.8 ± 1.5 lmol/l). Biomechanical evaluation of bone

repair revealed significantly decreased bending stiffness of

the femora of homocystine-fed animals (45.5 ± 18.2 N/

mm) compared with controls (64.6 ± 15.8 N/mm). Histo-

morphometric analysis demonstrated a slightly smaller cal-

lus diameter in HHCY animals but no significant differences

in the tissue composition of the callus. In conclusion, the

homocystine-supplemented diet leads to severe HHCY,

which is associated with an impaired biomechanical quality

of the healing bone.
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In Western civilization hyperhomocysteinemia (HHCY)

represents a widespread metabolic condition, which has

been shown to be a risk factor for cardiovascular disease

and osteoporosis [1, 2]. The main causes of HHCY in

mostly elderly people are deficiencies of vitamin B6,

vitamin B12, and folate, as well as renal dysfunction [2–5].

During recent years, several studies have reported an

increased incidence of osteoporosis and osteoporotic frac-

tures in patients with HHCY [6, 7]. In vivo studies on rats

showed adverse effects of HHCY on bone metabolism [8–

10]. In vitro studies have indicated that homocysteine

(HCY) is capable of stimulating the proliferation of

osteoclasts and the apoptosis of preosteoblastic cells [11,

12]. This seems to result in a negative bone turnover, as

shown by clinical trials analyzing serological markers of

bone metabolism [13].

While HHCY has been indicated as a new risk factor for

osteoporosis and osteoporotic fractures, there is no infor-

mation on whether these metabolic alterations also affect

fracture healing. During secondary fracture healing,
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intramembranous bone formation by osteoblasts occurs in

the early healing phase, whereas in the intermediate phase

mainly endochondral bone formation can be seen. In this

phase calcified cartilage is resorbed by osteoclasts and the

resorption lacunae are filled by the activity of the osteo-

blasts. In the late, remodeling phase of fracture healing the

osteoclasts reduce the callus volume by bone resorption

[14].

An unphysiological proliferation of preosteoblastic cells

and osteoclasts under an elevated HCY serum concentra-

tion might affect, therefore, the bone healing process.

Accordingly, our hypothesis was that HHCY induced by a

homocystine-supplemented diet is associated with impaired

fracture repair.

Methods

Experimental Design

For the present study CD-1 mice (30–40 g body weight,

n = 12) were fed a homocystine-supplemented diet

(C1000 ? 1.5% homocystine; Altromin, Lage, Germany).

Based on data of a previous study on rats [10], we started a

homocystine-supplemented diet 3 weeks prior to fracture.

Controls were fed the accordant standard diet (1324, Al-

tromin; n = 13). Based on a fracture healing study in os-

teopenic mice [15], animals were killed 4 weeks after

fracture to prepare bones for radiological, histomorpho-

metric, and biomechanical analyses. In addition, blood

samples were obtained to evaluate serum concentration of

HCY.

Surgical Procedure

All experiments were performed according to the National

Institutes of Health guidelines for the use of experimental

animals and were approved by the German legislation on

the protection of animals. Mice were anesthetized by an i.p.

injection of xylazine (25 mg/kg) and ketamine (75 mg/kg).

The right femur of each animal was fractured by a three-

point bending device [16] and stabilized by an intramed-

ullary screw (0.5 mm diameter, 18 mm length), which

provides a standardized bending flexibility with axially and

rotationally stable fracture fixation by interfragmentary

compression [17] (Fig. 1). This closed fracture model is

associated with only minor trauma of the periosteum and

the surrounding soft tissue. Fracture configuration, i.e., a

closed midshaft fracture type A2–A3 according to the AO

classification [18], and implant position were documented

by X-rays (Fig. 1) (Inside IP-21 high-resolution dental

film; Kodak, Rochester, NY) after surgery and prior to

death.

Serum Analysis of HCY Concentration

Prior to death, blood samples were obtained by vena cava

puncture. After 30 minutes of coagulation, serum was

separated from the cellular compartment by centrifugation.

Serum samples were stored at -80�C until batched anal-

ysis. Serum concentration of HCY was measured by means

of gas chromatography mass spectrometry as described

previously [19]. Intra- and interassay coefficients of vari-

ation were 3.2% and 6.7%, respectively.

Biomechanical Testing

After removal of the intramedullary screws, the mouse

femora were embedded at the distal end in aluminum

tubes of 10 mm diameter using polymethylmethacrylate

(Technovit 3040; Kulzer, Wehrheim, Germany). The

tubes were fixed in a three-point testing device (Fig. 2),

which allowed rotation of the fixed bone in the anterior–

posterior direction. The proximal end of the femur was

placed on a support at a distance of 9.25 mm to the distal

end (Fig. 2). A materials testing machine (Zwick Z10;

Zwick, Ulm, Germany) generated a dorsal deflection in

the center of the femur (at the level of the fracture) with a

constant velocity of 1 mm/minute and a maximum force

of 10 N. Load and deflection were monitored continu-

ously as a load–deflection curve. The stiffness of the

healed bones was determined from the slope within the

linear part of the curve.

Fig. 1 Intramedullary fixation of a mouse femur fracture by an

interfragmentary compression screw
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Histology

For histological examinations, the undecalcified bones

were fixed in 4% formalin, dehydrated with ethanol, and

embedded in polymethylmethacrylate (VLC 7200, Kulzer,

Wehrheim, Germany). Then, in the sagittal plane 70-lm

slices were cut, ground, and surface-stained with paragon

(toluidine blue and basic fuchsin). The longitudinal histo-

logical sections were examined with light microscopy

(Axiophot; Zeiss, Oberkochen, Germany) using a digital

caliper (Digit-Cal 15P 118704; Tesa, Renens, Switzerland)

at 200-fold magnification. Two regions of interest were

defined, one in the ventral part and one in the dorsal part of

the periosteal callus formation (Fig. 3). Up to 12 squared

regions of interest (0.625 9 0.625 mm2 each) were defined

(up to six at the ventral side and six at the dorsal side of the

femur, Fig. 3) and used for quantitative histomorphology

(Fig. 3). Each of the squared regions was analyzed using a

grid ocular with 10 vertical and 10 horizontal lines. The

tissue visible underneath the 100 points created by the grid

was analyzed and counted [20]. The tissue was defined as

bone, fibrocartilage, or connective tissue (including bone

marrow).

Statistics

All data are given as means ± standard deviation (SD). U-

tests (Mann–Whitney) were performed using the SAS

software package (JMP; SAS Institute, Cary, NC). A

Bonferroni adaptation for multiple testing was performed.

P \ 0.05 was considered to indicate significant differences.

Results

Radiological Analysis

X-rays revealed no major implant or fracture dislocation

over the 4-week observation period either in bones of

HHCY animals or in bones of normohomocysteinemic

controls. X-rays demonstrated in all animals an osseous

bridging of the fracture gap after 4 weeks of bone repair.

Serum Analysis of HCY Concentration

Animals fed the homocystine-supplemented diet showed a

significantly (P = 0.0006) increased serum concentration

of HCY compared to controls (102.2 ± 64.5 vs.

2.8 ± 1.5 lmol/l). HHCY mice showed the same mobility

and vitality as normohomocysteinemic controls. In accor-

dance, we did not observe significant differences in the

body weight of the animals. One to 3 days after surgery, all

animals of both groups showed unrestricted physical

activity without limping.

Biomechanical Analysis

Four weeks after fracture, bending stiffness of the callus

was significantly (P = 0.03) decreased in animals fed the

homocystine-supplemented diet compared to those which

received the control diet (45.5 ± 18.2 vs. 64.6 ± 15.8 N/

mm).

Histomorphometric Analysis

Three femora in the control group and three femora in the

HHCY group could not be used for histomorphological

analyses because the section was out of plane of the

intramedullary canal. All samples demonstrated a typical

Fig. 2 Three-point bending test of a mouse femur

Fig. 3 Longitudinal section of an undecalcified femur with the callus

healing zone in the middle. Boxed areas indicate regions of

histomorphological tissue analyses (example from a control mouse,

12.5-fold magnification)
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pattern of secondary fracture healing with osseous bridging

of the fracture gap after 4 weeks of fracture healing. The

callus was dominated by woven bone undergoing remod-

eling. The femora of the homocystine-fed animals showed

a slightly smaller callus diameter and a minor fraction of

bone in the callus area compared with the control group;

however, these differences did not prove statistically dif-

ferent (Table 1). Fibrous cartilage could be found in none

of the 10 control mice but in two of the nine homocystine-

fed mice (Table 1). This indicates that in these two animals

the bone healing and remodeling process was delayed in

comparison to the mice which did not show any remaining

cartilage.

Discussion

The results of the present study confirmed our hypothesis

that a homocystine-supplemented diet is associated with

impaired fracture repair.

The results of the serum analysis provide evidence for

the functionality of the diet used to induce HHCY. Animals

fed the homocystine-supplemented diet developed severe

HHCY [5], with a nearly 40-fold increase of HCY serum

concentration (102.2 ± 64.5 lmol/l) compared to that of

controls (2.8 ± 1.5 lmol/l). So far, only a few studies have

analyzed the effect of HHCY on bone metabolism using

animal models. By treating rats with methionine, Ozdem

et al. [8] induced a HCY serum concentration of 16 lmol/l,

which represents moderate HHCY [5]. Herrmann and

coworkers [9] also generated moderate HHCY

(27 ± 8.8 lmol/l) in rats by a methionine-supplemented

diet; however, they additionally induced intermediate

HHCY (54.0 ± 46.0 lmol/l) by the application of a

homocystine-supplemented diet. Results of this study

demonstrated a reduced histomorphometric bone area and

decreased biomechanical strength of femora of rats with

HHCY compared to those of control animals. This study

further indicated a correlation between the impact of

HHCY on bone and the serum concentration of HCY. In

accordance, the induction of moderate HHCY caused only

a minor alteration of bone microarchitecture and strength,

while intermediate HHCY critically impaired bone mic-

roarchitecture and strength [9]. An additional animal study

has shown that reduced bone quality in rats with HHCY is

associated with an accumulation of HCY in bone tissue

[10].

The present study shows that severe HHCY leads to a

significant alteration of bone repair as indicated by the

reduced bending stiffness (–30%) of the healed bones in

HHCY mice. The difference can be explained by the

smaller callus diameter at the fracture site. The bending

rigidity (R = E � I) is dependent on the second moment of

inertia (I = [D4 - d4] � p/64) and the material properties

(modulus of elasticity, E). Taking into consideration the

external diameter of the callus (D) and the inner diameter

of the intramedullary canal (d) as well as the bone content

in the callus (bone in Table 1), we can estimate a second

moment of inertia of 0.25 mm4 for the HHCY group and

one of 0.48 mm4 for the control group. These calculations

are based on the average values of the two groups and show

a difference of 47%. The reason for an even higher dif-

ference in I than in bending stiffness might be the inho-

mogeneously distributed bone within the callus. Bone at a

large distance to the symmetry axis of the femur has a

significantly higher effect on the second moment of inertia

than bone, which is closer to it. There might also be an

effect on the tissue quality (E) of the callus; however, this

cannot be evaluated by the present results.

Bone healing after 4 weeks under stable fixation showed

for both groups a solid bony bridging of the fracture with a

relatively small callus. The tissue composition of the callus

revealed no significant differences between the two groups

(Table 1). The result that two mice of the HHCY group

still showed cartilage in the fracture healing area indicates

that the process of remodeling was somewhat delayed in

this group. The calluses of the control group showed a

larger diameter at the level of the fracture but a smaller

area than the calluses of the HHCY mice. For the bending

stiffness of the healing bone, however, the diameter of the

calcified callus at the level of the fracture and not the callus

area is the important factor.

Recent in vitro and in vivo studies demonstrated that an

elevated HCY concentration induces a shift of bone

metabolism toward bone resorption [8, 9, 11]. In addition,

several cross-sectional studies have shown a significant

correlation between an elevated HCY concentration and

increased bone resorption markers [13, 21]. These findings

were confirmed by in vitro studies, indicating an HCY-

dependent increase in the activity of osteoclasts [11, 22].

On the other hand, the effect of HHCY on bone metabolism

is still a topic of controversy because other studies rebut a

Table 1 Diameter and tissue composition of the callus of animals fed

a methionine-supplemented diet compared to that of animals fed the

control diet

Homocystine-

supplemented diet

Control diet

Callus diameter (mm) 2.0 ± 0.3 2.3 ± 0.5

Callus area (mm2) 2.1 ± 0.9 1.8 ± 0.8

Tissue composition

Bone (%) 41.9 ± 11.5 44.1 ± 19.3

Cartilage (%) 0.9 ± 1.6 0.0 ± 0.0

Fibrous tissue (%) 56.8 ± 10.9 56.1 ± 19.5

Data are given as means ± SD
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correlation between an elevated HCY serum concentration

and an increased risk of osteoporotic fractures [23].

HHCY is further thought to affect the activity of pre-

osteoblastic cells and osteoblasts, which represent key cell

types during fracture healing [1, 12]. However, the data on

this issue are also conflicting. In vitro studies revealed a

moderate stimulation of osteoblasts by the addition of low

concentrations of HCY, while toxic effects on osteoblasts

have been reported by the addition of high concentrations

of HCY [1].

Taken together, the present study demonstrates for the

first time that a homocystine-supplemented diet leads to

severe HHCY, which disturbs bone repair in mice. Further

studies, however, are necessary to analyze whether altered

proliferation and activity of osteoclasts and osteoblasts are

responsible for these outcomes and how important these

findings are for patients with HHCY undergoing fracture

treatment.
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