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Abstract The purpose of the present study was to
examine the effect of vitamin K, on cancellous and cortical
bone mass in rats with streptozotocin (STZ)-induced type 1
diabetes. Twenty-seven male Sprague-Dawley rats aged
12 weeks were randomized by the weight-stratified method
into the following three groups: age-matched control
group, STZ + vehicle group, and STZ + vitamin K,
group. STZ (40 4 50 mg/kg) was administered intrave-
nously twice during the initial 1-week period. Vitamin K,
(menatetrenone, 30 mg/kg) was administered orally 5 days
a week. After 12 weeks of treatment, the serum glucose
concentration and femoral length and weight were mea-
sured and histomorphometric analysis was performed on
the cancellous and cortical bone of the distal femoral
metaphysis and femoral diaphysis, respectively. STZ
administration induced hyperglycemia and a decrease in
femoral weight. The STZ 4 vehicle group also showed
cancellous osteopenia due to a decrease in the number of
osteoblasts/bone surface (N.Ob/BS) and the osteoblast
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surface (ObS)/BS without any significant changes in bone-
resorption parameters, but it did not have a significant
decrease in cortical bone mass. Administration of vitamin
K, to STZ-treated rats prevented the development of
hyperglycemia and a decrease in femoral weight. Vitamin
K, also prevented cancellous osteopenia by inhibiting the
decrease in N.Ob/BS and ObS/BS without significantly
affecting bone-resorption parameters, but it did not sig-
nificantly increase cortical bone mass. These results sug-
gest that vitamin K, has beneficial effects on glucose
concentration and cancellous bone mass in rats with STZ-
induced type 1 diabetes.

Keywords Type 1 diabetes - Streptozotocin -
Bone formation - Cancellous bone - Vitamin K

The metabolic and endocrine alterations of diabetes
adversely affect bone and may increase the risk of frac-
tures. Patients with type 1 diabetes have reduced bone mass
and increased risk of fragility fracture [1]. Patients with
recent onset of type 1 diabetes may have impaired bone
formation because of the absence of the anabolic effects of
insulin and amylin, whereas in long-standing type 1 dia-
betes, vascular complications may account for low bone
mass and increased fracture risk [2]. A meta-analysis
conducted by Janghorbani et al. [3] found that type 1
diabetes was associated with an increased risk of hip
fractures (relative risk = 6.3).

Type 1 diabetes can be induced in animals by intravenous
injection of streptozotocin (STZ), which is toxic to insulin-
producing cells and thus causes acute insulinopenia and
hyperglycemia [4]. Young rats with type 1 diabetes due to
STZ administration display progressive cancellous osteo-
penia, cessation of cortical bone growth, and diminished
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whole-bone strength [5]. The skeletal changes associated
with STZ-induced type 1 diabetes mainly result from
decreased bone formation [6-15]. In particular, STZ
decreases the serum osteocalcin level in treated rats [12—15].
A decrease in bone strength, despite normal bone mineral
density (BMD), in rats with type 2 diabetes is partly attrib-
utable to abnormal cross-linking of bone collagen (a steady
decrease in enzymatic cross-links and a marked increase in
nonenzymatic cross-links, i.e., pentosidine) [16]. Con-
versely, the short-term skeletal effects of type 1 diabetes in
rats involve changes in bone structure rather than alterations
in collagen cross-linking [5].

So far, two preclinical studies have shown an effect of
parathyroid hormone (PTH), one of the commercially
available antifracture drugs, on the bones in rats with
STZ-induced type 1 diabetes [6, 7]. Tsuchida et al. [6]
reported that PTH(1-34) enhanced bone turnover and
increased bone mass, but not trabecular connectivity, in
rats with advanced diabetes. Suzuki et al. [7] showed that
combined treatment with insulin and PTH(1-34) was more
effective for improving bone mass, trabecular connectivity,
and bone strength than treatment with insulin or
PTH(1-34) alone in rats with STZ-induced type 1 diabetes.
However, there is little information about the effects of
available antifracture drugs other than PTH(1-34) on
osteopenia in STZ-treated rats.

Vitamin K, is widely used for the treatment of osteo-
porosis in Asia. This vitamin prevents vertebral fractures in
postmenopausal women with osteoporosis and both non-
vertebral and hip fractures in patients with neurological
diseases [17, 18]. Vitamin K, is known to have an anabolic
effect on bone; regulation of bone formation by vitamin K,
may be related to its influence on the y-carboxylation of
osteocalcin and may be mediated via steroid and xenobiotic
receptors (SXRs) [19-23]. Thus, vitamin K, could poten-
tially influence cancellous bone mass and cortical bone
growth in type 1 diabetes. The purpose of the present study
was to examine the effect of vitamin K, on cancellous and
cortical bone in rats with STZ-induced type 1 diabetes. The
serum glucose concentration was measured to confirm
STZ-induced hyperglycemia in terms of diabetes.

Materials and Methods
Treatment of Animals

Thirty male Sprague-Dawley rats (11 weeks old) were
purchased from Charles River (Kanagawa, Japan). Male
Sprague-Dawley rats were used according to the report by
Silva et al. [5], who established a type 1 diabetes animal
model induced by STZ injection using male Sprague-
Dawley rats. Rats were fed a pelleted standard chow diet

containing 1.25% calcium, 0.9% phosphorus, and 618 TU/
100 g of vitamin D3 (CRF-1; Oriental Yeast, Tokyo,
Japan). They were housed under local vivarium conditions:
temperature of 24°C and humidity of 50%, with a 12-h
lighting time and free access to water. After allowing
1 week for adaptation to the new environment, the 12-
week-old rats were randomized by the weight-stratified
method into the following three groups (n = 10/group):
age-matched control group, STZ + vehicle group, and
STZ + vitamin K, group. STZ (Wako Pure Chemical
Industries, Osaka, Japan) was reconstituted in 0.1 M
phosphate-buffered saline (Invitrogen, Carlsbad, CA) and
then administered intravenously at a dosage of 40-50 mg/
kg body weight on days 1 and 7 of the experimental period.
Vitamin K, (menatetrenone; Eisai, Tokyo, Japan) was
suspended in fatty acid (Miglyol 812; Mitsuba Trading,
Tokyo, Japan) at a dosage of 30 mg/kg body weight and
administered by gavage deep into the mouth five times a
week. Administration of vitamin K, at 30 mg/kg three to
five times weekly has previously been reported to be
effective in rats [24, 25]. The body weight of rats was
monitored weekly, and the total duration of the experiment
was 12 weeks. This study was carried out at the laboratory
of Hamri (Ibaraki, Japan), which has been approved by the
Association for the Assessment and Accreditation of Lab-
oratory Animal Care (AAALAC) International. The
experimental protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of Hamri.

Preparation of Specimens

Three rats in the STZ 4 vitamin K, group were excluded
from the study because of unexpected death during the
experimental period. Thus, 27 rats were subjected to the
following analyses. Rats were labeled by injection of
10 mg/kg of calcein (Dojindo Laboratories, Kumamoto,
Japan) subcutaneously at 7 and 3 days before death. At
12 weeks after the start of the experiment, the animals
were killed by exsanguination after being anesthetized with
2-3% isoflurane (Mylan, Tokyo, Japan) using a Table Top
Laboratory Animal Anesthesia System (V1 Type; Vet-
Equip, Pleasanton, CA). Blood was collected from each
animal after a 12-h fast, and the bilateral femora were
harvested. Serum glucose concentration was measured with
an Accu-Check (Roche Diagnostics, Tokyo, Japan). The
length of the left femur was measured using a dial caliper,
and it was weighed with an electronic balance (A&D
Company, Tokyo, Japan). The right femur was processed
for histomorphometric analysis of the distal metaphysis
and diaphysis.

Each right femur was preserved overnight in 70% cold
ethanol and then cut into three parts, the proximal femur,
femoral diaphysis, and distal femur, using an Isomet saw
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(Buehler, Lake Bluff, IL). The distal metaphysis and
mid-diaphysis were stained with Villanueva Osteochrome
Bone Stain (Polyscience, Warrington, PA) for 5 days. Then,
specimens were dehydrated sequentially in ascending
concentrations of ethanol (70, 95, and 100%) and xylene
and embedded in methyl methacrylate (EM Science, Gib-
bstown, NJ) at 4°C according to the method of Erben [26].

Serial frontal sections of the distal femoral metaphysis
were cut at a thickness of 5 pm on a microtome (RM2155;
Leica, Nussloch, Germany). The first section of each series
was transferred onto a chromium/gelatin-coated slide,
dried overnight under pressure at 42°C, and coverslipped
with Eukitt mounting medium (Calibrated Instruments,
Hawthorne, NY) for static and dynamic histomorphometric
analysis. The second section was deplasticized and rehy-
drated, treated according to the Goldner trichrome staining
procedure, and mounted with Eukitt to evaluate osteoid,
osteoblasts, and osteoclasts.

Cross sections of the mid-diaphysis of the femur were
cut at a thickness of 6 pm on the same microtome (Leica
RM2155), then transferred onto chromium/gelatin-coated
slides and dried overnight under pressure at 42°C. Then,
sections were coverslipped with Eukitt for static and
dynamic histomorphometric analysis.

Histomorphometric Analysis of the Distal Femoral
Metaphysis and Femoral Diaphysis

A digitizing morphometric system was used to measure
bone histomorphometric parameters. The system consisted
of an epifluorescence microscope (BX51TF; Olympus,
Center Valley, PA), an Osteomeasure High Resolution
Color Subsystem (Olympus BX51TF) coupled to an IBM
computer, and a morphometry software program (Osteo-
Metrics, Atlanta, GA).

The parameters measured for cancellous bone included
the total tissue volume (TV), bone volume (BV), bone
surface (BS), eroded surface (ES), single- and double-
labeled surfaces (sLS and dLS, respectively), interlabel
width, osteoblast surface (ObS), number of osteoblasts
(N.ODb), osteoclast surface (OcS), and number of osteo-
clasts (N.Oc). These data were then used to calculate per-
cent trabecular bone volume (BV/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), ES/BS, mineralizing surface (MS)/BS [(sLS/
2 + dLS)/BS], mineral apposition rate (MAR), bone for-
mation rate (BFR)/BS (MS/BS x MAR), ObS/BS, N.Ob/
BS, OcS/BS, and N.Oc/BS in accordance with the standard
nomenclature proposed by Parfitt et al. [27]. The region of
cancellous bone measured was 1-4 mm proximal to the
higher margin of the growth plate in the distal metaphysis,
which consists of secondary spongiosa.
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The parameters measured for cortical bone were the
total tissue area and marrow area, as well as periosteal and
endocortical BS (perimeter), sLS, dLS, interlabel width,
and endocortical ES, in accordance with the method
described by Chen et al. [28]. These data were then used to
calculate the cortical area as well as periosteal and endo-
cortical MS/BS [(sLS/2 + dLS)/BS], MAR, BFR/BS (MS/
BS x MAR), and endocortical ES/BS.

Statistical Analysis

Data are described as the mean and standard deviation
(SD). Comparisons among the groups were performed by
analysis of variance (ANOVA) with Fisher’s protected
least significant difference (PLSD) test. All statistical
analyses were done with Stat View J-5.0 software (SAS
Institute, Cary, NC) on a Windows computer, and P < 0.05
was used as the level of significance.

Results

Body Weight, Serum Glucose, Femoral Length,
and Weight

As shown in Table 1, the initial body weight did not differ
significantly among the three groups. STZ administration
induced weight loss and hyperglycemia and decreased
femoral weight but not femoral length. Vitamin K,
administration to STZ-treated rats prevented weight loss
and hyperglycemia and inhibited the decrease in femoral
weight, without significantly affecting femoral length.

Histomorphometry of Cancellous Bone at the Distal
Femoral Metaphysis

As shown in Table 2, in the STZ + vehicle group, there
were decreases in BV/TV, Tb.Th, and Tb.N and an
increase in Tb.Sp as a result of decreases in BFR/BS, ObS/
BS, and N.Ob/BS and an increase in ES/BS. However,
OcS/BS and N.Oc/BS were not significantly affected. The
increase in ES/BS, which is an indicator of the remodeling
balance, was attributable to decreased bone formation
because bone-resorption parameters were not significantly
affected by STZ administration.

Vitamin K, administration to STZ-treated rats prevented
both the decreases in BV/TV, Tb.Th, and Tb.N and the
increase in Tb.Sp by inhibiting both the decreases in ObS/
BS and N.Ob/BS and the increase in ES/BS. However,
OcS/BS and N.Oc/BS were not significantly affected. The
inhibition of the increase in ES/BS was attributable
to inhibition of the decrease in bone formation because
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Table 1 Body weight, serum glucose, femoral length, and weight

Age-matched control

STZ + vehicle STZ + vitamin K,

Initial body weight (g) 476 + 18
Final body weight (g) 587 + 35
Serum glucose (mg/dl) 95.6 £ 5.6
Femoral length (mm) 412 £ 1.1
Femoral weight (g) 1.70 £ 0.09

476 £ 21 468 + 30
548 + 28° 571 £ 38
251.0 £ 119.7* 85.6 + 2.8°
419 £ 1.1 41.1 £ 0.8
1.59 + 0.13* 1.60 £ 0.12

Data are expressed as the mean == SD. ANOVA with Fisher’s PLSD test was used to compare the three groups

 Significant vs. age-matched control group

® Significant vs. STZ + vehicle group

Table 2 Histomorphometric analysis of cancellous bone at the distal femoral metaphysis

Age-matched control

STZ + vehicle STZ + vitamin K,

BV/TV (%) 21.0 £+ 3.8
Tb.Th (pm) 550 + 3.3
Tb.N (n/mm) 3.81 £+ 0.62
Tb.Sp (um) 214 + 45
MS/BS (%) 293 + 33
MAR (um/day) 0.88 + 0.05
BER/BS (um*/um?*/day) 25.6 + 3.8
ES/BS (%) 4.46 + 0.93
ObS/BS (%) 128 £1.2
N.Ob/BS (n/mm) 150+ 15
OcS/BS (%) 1.07 & 0.58
N.Oc/BS (n/mm) 0.42 + 0.08

16.8 + 3.2° 22.0 +3.2°
522 + 2.8 55.8 + 2.6"
3.22 + 0.60° 3.94 + 0.52°
269 + 66° 202 + 34°
22.0 4+ 2.8° 22.0 + 3.6
0.84 + 0.05 0.85 + 0.06
18.5 + 3.1° 18.7 £ 3.6
8.36 + 1.69* 451 + 1.45°
10.6 + 1.2 125 + 1.8°
127 £ 1.5° 148 £ 23°
1.00 + 0.29 1.02 + 0.67
0.35 + 0.09 0.36 + 0.25

Data are expressed as the mean = SD. ANOVA with Fisher’s PLSD test was used to compare the three groups

STZ Streptozotocin, BV bone volume, TV total volume, 7b.Th trabecular thickness, 7h.N trabecular number, 7b.Sp trabecular separation,
MS mineralizing surface, BS bone surface, MAR mineral apposition rate, BFR bone formation rate, ES eroded surface, ObS osteoblast surface,
N.Ob number of osteoblasts, OcS osteoclast surface, N.Oc number of osteoclasts

 Significant vs. age-matched control group
b Significant vs. STZ + vehicle group

bone-resorption parameters were not significantly affected
by vitamin K, administration.

Histomorphometric Analysis of Cortical Bone
at the Femoral Diaphysis

As shown in Table 3, in the STZ 4 vehicle group, there
was a decrease in periosteal BFR/BS and an increase in
endocortical ES/BS. However, total tissue area, cortical
area, and marrow area were not significantly affected. The
increase in endocortical ES/BS, which is an indicator of
remodeling balance, was attributable to increased bone
resorption because endocortical BFR/BS was not signifi-
cantly affected by STZ administration.

Vitamin K, administration to STZ-treated rats prevented
both the decrease in BFR/BS and the increase in endo-
cortical ES/BS. However, total tissue area, cortical area,
and marrow area were not significantly affected. The

prevention of the increase in endocortical ES/BS was
attributable to the inhibition of the increase in bone
resorption because endocortical BFR/BS was not signifi-
cantly affected by vitamin K, administration.

Discussion

The short-term skeletal consequences of STZ-induced type
1 diabetes in young rats are attributable to decreased bone
formation and deterioration of bone structure [5]. Thus,
histomorphometric analysis may provide important infor-
mation on the bone of rats with type 1 diabetes. Admin-
istration of vitamin K, to STZ-treated rats prevented
hyperglycemia and a decrease in femoral weight, without
significantly affecting femoral length, as well as cancellous
osteopenia by inhibiting a decrease in bone formation; but
it did not significantly increase cortical bone mass. These
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Table 3 Histomorphometric analysis of cortical bone at the femoral diaphysis

Age-matched control STZ + vehicle STZ + vitamin K,

Total tissue area (mm?) 11.64 + 0.73 11.35 + 0.84 11.96 + 1.30
Cortical area (mm?) 6.89 + 0.41 7.00 + 0.67 7.37 + 0.85
Marrow area (mm?) 475 £ 0.53 435 + 035 4.59 + 0.56
Periosteal

MS/BS (%) 61.5+ 10.2 50.5 &+ 12.2¢ 57.1+£92

MAR (um/day) 1.10 £ 0.07 1.01 + 0.16 1.17 £ 0.10°

BFR/BS (um*/um?*/day) 68.0 & 13.2 50.5 & 12.5° 66.8 & 14.1°
Endocortical

MS/BS (%) 489 + 13.9 514 + 10.8 40.2 + 20.0

MAR (um/day) 1.04 £ 0.17 0.93 £ 0.15 1.01 £ 0.19

BFR/BS (um*/pm?*/day) 497 + 124 474 4+ 12.1 424 +24.7

ES/BS (%) 3.54 +1.22 7.55 + 1.98° 5.47 +2.72°

Data are expressed as the mean + SD. ANOVA with Fisher’s PLSD test was used to compare the three groups

STZ Streptozotocin, MS mineralizing surface, BS bone surface, MAR mineral apposition rate, BFR bone formation rate, ES eroded surface

 Significant vs. age-matched control group

" Significant vs. STZ + vehicle group

results suggest that vitamin K, has beneficial effects on
glucose concentration and cancellous bone mass in rats
with STZ-induced type 1 diabetes.

STZ administration induced hyperglycemia and a
decrease in body weight and femoral weight, suggesting
that this rat model of type 1 diabetes is associated with
osteopenia. The rat model of type 1 diabetes induced by
STZ administration is well established. The cause of
osteopenia in young male Sprague-Dawley rats (12 weeks
old) at 12 weeks after a single STZ injection (50 mg/kg)
differs between cancellous and cortical bone [5]. Cancel-
lous osteopenia is caused by loss of bone, whereas cortical
osteopenia is attributable to premature cessation of bone
growth [5]. STZ administration decreases the serum oste-
ocalcin level in rats [12-15], and cancellous osteopenia is
largely due to diminished bone formation [6—15].

In the present study, treatment of 12-week-old male
Sprague-Dawley rats with STZ (40-50 mg/kg, twice)
induced cancellous osteopenia in the distal femoral
metaphysis as a result of decreased bone formation after
12 weeks but did not significantly reduce cortical bone
growth as indicated by the lack of any significant change in
the total tissue area of femoral cortical bone. The reason for
the lack of any significant alteration in total tissue area of
cortical bone by STZ administration remains uncertain.
Because STZ administration decreased periosteal bone
formation and increased endocortical bone resorption, a
longer observation period might have revealed a significant
effect on cortical bone growth. To our empirical knowl-
edge, however, STZ-treated rats may not be able to survive
for a longer term due to complications caused by type 1
diabetes.
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Administration of vitamin K, to STZ-treated rats pre-
vented the development of hyperglycemia. A survey of the
Framingham Offspring Cohort showed that higher phyllo-
quinone (vitamin K;) intake was associated with increased
insulin sensitivity and an improved glycemic status [29].
This evidence suggests a potential beneficial role of vita-
min K in glucose homeostasis. The present study was
designed to examine the skeletal effect of vitamin K, in
rats with STZ-induced type 1 diabetes, and the serum
glucose concentration was measured to confirm STZ-
induced hyperglycemia in terms of diabetes. Thus, the
mechanistic data, regarding the effect of vitamin K, on
serum glucose concentration, such as osteocalcin and
insulin gene expression in the f cells, are lacking. Lee et al.
[30] showed that mice lacking the osteoblast-secreted
molecule osteocalcin displayed decreased f-cell prolifera-
tion, glucose intolerance, and insulin resistance and that
osteocalcin stimulated insulin expression in f§ cells and
adiponectin (an insulin-sensitizing adipokine) in adipocytes
and improved glucose tolerance. Ferron et al. [31] also
suggested that osteocalcin had the ability to regulate glu-
cose metabolism and affected insulin sensitivity. They
showed that long-term treatment of wild-type mice with
osteocalcin significantly weakened the deleterious effect on
body mass and glucose metabolism of gold thioglucose-
induced hyperphagia and a high-fat diet. Thus, osteocalcin
can regulate glucose metabolism and affect insulin sensi-
tivity. Further studies are needed to clarify the mechanism
for the inhibition of hyperglycemia by vitamin K, in STZ-
treated rats.

However, there is a criticism for this result. Because
vitamin K, administration was started at the time of STZ
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injection in the present study, it cannot be neglected that
vitamin K, might have prevented the influence of STZ on
the pancreas in the beginning of the study. In this regard,
vitamin K, administration should have been started after
STZ injections. However, if this suggestion is true, the
difference in cancellous BFR/BS between the age-matched
control group and the STZ + vitamin K, group remains to
be explained. Serum glucose concentration as well as
pancreatic function should have been monitored through-
out the experimental period. Well-controlled time-course
studies including the baseline control group and the vehicle
injection + vitamin K, group are needed to resolve these
issues.

Administration of vitamin K, to STZ-treated rats pre-
vented cancellous osteopenia by inhibiting a decrease in
bone formation (N.Ob/BS and ObS/BS) and did not induce
a decrease of femoral weight. Vitamin K, is known to have
an anabolic action through SXRs [23], and it increases
mRNA levels for osteoblast markers such as bone alkaline
phosphatase, osteoprotegerin, osteopontin, and matrix Gla
protein. In the present study vitamin K, was suggested to
be useful to prevent cancellous osteopenia induced by
decreased bone formation in rats with type 1 diabetes.
However, there was a discrepancy among the changes in
N.Ob/BS, ObS/BS, and BFR/BS with vitamin K, admin-
istration. A time course study may be needed to confirm
longitudinal changes in terms of the transient increase of
BFR/BS during the current 12-week experiment.

Administration of vitamin K, to STZ-treated rats did not
significantly increase cortical bone mass, suggesting a
lesser effect of vitamin K, on cortical bone growth.
However, vitamin K, administration prevented a decrease
in BFR/BS and an increase in endocortical ES/BS. The
influence of vitamin K, on endocortical ES/BS was
attributable to its antiresorptive effect because endocortical
bone formation was not significantly increased by vitamin
K, administration. In addition to the anabolic action of
vitamin K,, an antiresorptive effect has been confirmed
[32, 33]. Hara et al. [34, 35] showed that the inhibition of
bone resorption by vitamin K, is partly mediated by inhi-
bition of prostaglandin E, synthesis and that the side chain
of vitamin K, may play an important role in preventing
bone resorption. Cortical bone mass was less responsive to
vitamin K, administration than cancellous bone mass, and
the changes in the total tissue area of cortical bone caused
by STZ or vitamin K, administration were very small.

A study in northern Italy suggests that the incidence of
type 1 diabetes is higher in male young adults than in
female young adults (incidence rate ratio = 1.41) [36].
Silva et al. [5] established a type 1 diabetes animal model
induced by STZ injection using male Sprague-Dawley and
Fisher 344 rats. Because of this report, male Sprague-
Dawley rats were used in the present study. However, it is

certain that osteoporosis commonly affects postmenopausal
women. Therefore, it would be of interest to test the effect
of vitamin K, on bone in female rats with or without
ovariectomy. The gender difference in the response of bone
to STZ injection in rats and vitamin K, administration in
STZ-treated rats remains uncertain. Further studies are
needed to clarify these issues.

In conclusion, the present study showed that vitamin K,
administration to rats with STZ-induced diabetes prevented
the onset of hyperglycemia and cancellous osteopenia by
inhibiting a decrease in bone formation but did not sig-
nificantly increase cortical bone mass. These results sug-
gest that vitamin K, has beneficial effects on glucose
concentration and cancellous bone mass in rats with STZ-
induced type 1 diabetes.
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