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Abstract It is well established that both estrogen loss and

type II diabetes mellitus (DMII) can impair bone metabo-

lism, but whether estrogen loss exacerbates the effects of

DMII is unclear. Therefore, we determined if ovariectomy

(OVX) of rats on a long-term high-fat/sugar diet and

injection of a low dose of streptozotocin (DMII) decreased

bone mineral density (BMD) more than OVX or DMII

alone. Bone insulin signaling is known to support bone

metabolism; therefore, we also tested the hypothesis that

OVX DMII rats (DOVX) would exhibit greater reductions

in the expression of proteins important in insulin signaling,

including IRS-1, IRS-2, and IGF-1. As hypothesized, BMD

and plasma estrogen levels were decreased more in DOVX

rats than in rats following OVX (NOVX) or DMII (DS)

alone. IGF-1 expression was decreased in the liver, kidney,

skeletal muscle, and bone of DOVX, DS, and NOVX rats;

however, the decrease was larger and occurred sooner in

DOVX rats. While IRS-1 and IRS-2 decreased in most

groups in all tissues examined, the expression patterns

differed in both a group- and tissue-dependent fashion. In

conclusion, these data demonstrate that estrogen loss and

DMII induced by a high-fat/sugar diet interact to produce

osteoporosis and support the hypothesis that the bone loss

may be mediated at least in part by concurrent decreases in

the insulin signaling proteins in bone.

Keywords Diabetes � Osteoporosis � Insulin signaling

pathway � IGF-1 � IRS-1 � IRS-2

Introduction

Type II diabetes mellitus (DMII) is due to impaired sig-

naling secondary to the binding of insulin to its receptor.

As a result, insulin-induced increases in the activation of

signaling proteins, such as insulin receptor substrate (IRS)-

1 and IRS-2, are attenuated in many tissues, including

liver, skeletal muscle, kidney, and bone [1–4]. Thus, DMII

can induce several serious consequences, in particular,

osteoporosis [5–7]. Indeed, diabetes and osteoporosis are

common and complex disorders that can be often associ-

ated especially in the middle-aged and elderly population,

posing enormous financial burden on individuals and

society as a whole. More concerning is that the prevalence

of diabetes and osteoporosis is increasing [8–10].

Estrogen loss is another consequence of aging that also

contributes to osteoporosis in both men and women. Inter-

estingly, estrogen loss may increase bone resorption in part

via decreases in the bone actions of insulin, and an insulin-

related protein, insulin-like growth factor (IGF-1). Impor-

tantly, IGF-1 in vitro regulates various types of bone cells,

and osteoblasts incubated with IGF-1 demonstrated

enhanced differentiation and decreased apoptosis [11–13].

However, whether estrogen loss exacerbates the deleterious

effects of DMII on bone via insulin and IGF-1 signaling

pathways has not been previously investigated. To test this
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hypothesis, we determined if bone density was reduced more

in ovariectomized (OVX) rats with DMII, due to consump-

tion of a high-fat/sugar diet, than in rats following OVX or

DMII alone. We also determined if the decreases in bone

density were associated with parallel decreases in bone IRS-

1, IRS-2, and IGF-1. To assess whether the interaction of

OVX and DMII was specific to bone, we also quantified IRS-

1, IRS-2, and IGF-1 in other tissues known to be influenced

by insulin action, liver, skeletal muscle, and kidney.

Materials and methods

Experimental animal model

Female Wistar rats (Experimental Animal Center, Hebei

Medical University) were studied beginning at 2.5–3

months of age. All experimental procedures were in com-

pliance with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals. This study was

reviewed and approved by the Institutional Animal Care

and Use Committee at Hebei Medical University.

The animals were housed under standard laboratory

conditions and maintained under controlled room temper-

ature (22 ± 3 �C) and humidity with a daily cycle of 12 h

of light and 12 h of dark. The experimental rats were

randomly divided into four groups: normal sham group

(NS, n = 24); normal ovariectomy group (NOVX,

n = 26); type II diabetes sham group (DS, n = 24); and

type II diabetes ovariectomy group (DOVX, n = 26). Rats

in NS and NOVX groups were provided with regular diet

(Experimental Animal Center, Hebei Medical University),

while rats in the DS and DOVX groups were fed a high-

sugar/fat diet for 8 weeks (regular diet plus 20 % sugar,

15 % lard, and 2.5 % cholesterol as kcal). After 8 weeks

on these diets, DS and DOVX groups received an intra-

peritoneal injection of a low dose of streptozotocin (STZ;

30 mg/kg; Sigma); rats in the control groups were admin-

istered the vehicle (citrate buffer, pH 4.4; 0.25 mL/kg).

The purpose of the STZ injection was to mimic later stage

DMII, in which pancreatic insulin production becomes

impaired. One week later, rats in the NOVX and DOVX

groups underwent ovariectomy, while rats in the NS and

DS groups were subjected to a sham operation, which was

similar to the ovariectomy except that a small portion of

abdominal fat was removed. The ovariectomy day was

designated as time 0, and the rats were sacrificed 4, 8, and

12 weeks later. At this time, bone mineral density (BMD)

of the spine at lumbar levels 3–6 was measured by dual

energy X-ray absorptiometry (DEXA, Osteocore 3,

France). The liver, skeletal muscle and kidney were indi-

vidually perfused and collected in 4 % paraformaldehyde

for immunohistochemistry. Part of the liver, skeletal

muscle, kidney, and bone (femur, tibia, and humerus) were

fresh-frozen in liquid nitrogen for RT-PCR.

During the experiment, 4 rats died (1 NS and 3 DS), and

2 in the DOVX group were excluded because the FBG

level did not meet the requirement.

Plasma measurements

Venous blood (tail vein) was collected before experimenta-

tion to measure fasting concentrations of blood glucose

(FBG) (Roach blood glucose instrument). Intraocular

angular vein blood (2.5–4 mL) was collected for measure-

ment of fasting plasma insulin (FINS) by radioimmunoassay

(3v-diagnostic Bioengineer, Shandong, China) and plasma

estrogen by ELISA (Rat Estrogen/E ELISA Kit, 3v-Diag-

nostic Bioengineer, Shandong, China). The insulin sensi-

tivity index (ISI) was calculated using the formula ln(1/

FBG 9 FINS) [14].

Histology and immunohistochemistry

Paraffin-embedded liver, muscle and renal tissue sections

(5-lm thick) were stained with haematoxylin and eosin to

document changes in tissue and cell structure. Immuno-

staining was performed in these paraffin-embedded sections

using the streptavidin–peroxidase (SP) method. Briefly, after

antigen retrieval, the primary specific antibodies for IGF-1

(Goldbridge Biotechnology, Beijing, China; liver, 1:100;

muscle, 1:150; kidney, 1:200), IRS-1 (Biosynthesis Bio-

technology, Beijing, China; liver, 1:200; muscle, 1:200;

kidney, 1:100), and IRS-2 (Biosynthesis Biotechnology,

Beijing, China; liver, 1:100; muscle, 1:150; kidney, 1:150)

were applied. In additional sections, the primary antibody

was omitted and non-immunized goat serum was used for

negative controls. After extensive rinsing, the biotinylated

secondary antibody and SP complexes (Bio-high Technol-

ogy, Hebei, China) were applied. Each section was examined

on five randomly selected, optical fields by microscopy

(4009).

Quantitation of immunoreactivity: yellow brown granules

in the cytoplasm-identified positive cells. The immunohis-

tochemical score (IHS) [15] was defined as the function of

the percentage of positive cells and the staining intensity of

positive cells as follows: A, the percentage of positive cells

(no positive cells = 0, positive cells accounted for

1–10 % = 1, 11–50 % = 2, 51–80 % = 3, 81–100 %

= 4); B, staining intensity of positive cells (negative = 0,

weak positive = 1, moderately positive = 2, strong posi-

tive = 3), A multiplied by B is the IHS score.

Reverse transcriptase-polymerase chain reaction

Total RNA was extracted using TRIZOL (SBS Genetech

Co., Ltd. Beijing, China) and was reverse transcribed into
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cDNA (Promega, USA). The levels of target gene mRNA

transcripts determined by the polymerase chain reaction

(PCR) using the cDNA as a template and specific primers

(Generay Biotech Co., Ltd. Shanghai, China; Table 1). PCR

of each sample was performed in duplicate at 94 �C for

5 min, and subjected to repeating cycles of 94 �C for 30 s,

annealing for 30 s, and 72 �C for 50 s (MJ, USA). The PCR

products were separated using 8 % polyacrylamide gel

electrophoresis and analyzed using a bioimaging system

(VILBER LOURMAT, France). Expression levels were

quantified using Bandscan 5.0 software, normalized to

b-actin.

Statistical analysis

All data were subjected to statistical analysis using SPSS

16.0. Data that characterized the DMII model are presented

as median and range, and comparisons were performed

using non parametric tests. Gene expression levels are

expressed as mean ± standard deviation (SD). Statistical

analysis was performed using one-way ANOVA. Between

group differences were determined using the Newman–

Keuls post hoc test. P values \0.05 were considered sta-

tistically significant.

Results

Characterization of the model

Compared to the control groups (NS, NOVX), prior to

ovariectomy, the rats in the diabetic groups (DS, DOVX)

exhibited significant increases in body weight and fasting

serum glucose and insulin levels; the ISI was decreased in

the diabetic rats (Table 2).

Table 1 Primers used for the

RT-PCR analysis
Gene Primer sequences Reactive condition Cycle Length (bp)

IGF-1 Left: CCGCTGAAGCCTACAAAGTC 94 �C, 5 min; 94 �C, 30 s; 35 153

Right: GGGAGGCTCCTCCTACATTC 48 �C, 30 s; 72 �C, 50 s

IRS-1 Left: TGTGCCAAGCAACAAGAAAG 94 �C, 5 min; 94 �C, 30 s; 35 176

Right: ACGGTTTCAGAGCAGAGGAA 48 �C, 30 s; 72 �C, 50 s

IRS-2 Left: CCACACACCTGTCCTCATTG 94 �C, 5 min; 94 �C, 30 s; 31 172

Right: TAATCCGCTTTGCCAAAATC 56 �C, 30 s; 72 �C, 50 s

b-actin Left: ACGGTCAGGTCATCACTATC 94 �C, 5 min; 94 �C, 30 s; 31 303

Right: TAGAGCCACCAATCCACAC 56 �C, 30 s; 72 �C, 50 s

Table 2 Body weight, blood glucose, insulin, and ISI in each experimental group prior to ovariectomy

N Group Weight (kg) FBG (mmol/L) FINS (U/L) ISI

23 NS 0.236 (0.191–0.259) 4.3 (3.8–5.3) 23.54 (9.25–31.27) -4.1 (-5.6 to -3.5)

26 NOVX 0.240 (0.198–0.278) 4.5 (3.7–6.0) 25.00 (9.25–31.27) -4.9 (-5.5 to -3.7)

21 DS 0.258 (0.208–0.299)D 8.3 (8.0–20.0)D,# 79.30 (67.40–94.40)D,# -6.5 (-8.3 to -5.6)D,#

24 DOVX 0.262 (0.202–0.293)D 11.3 (8.0–20.0)D,# 82.85 (64.10–91.30)D,# -6.9 (-8.6 to -5.6)D,#

The data are presented as median and range. The comparisons were performed using non parametric tests (weight, NS: vs DS (D P = 0.03), vs

DOVX (D P = 0.02). FBG, NS: vs DS (D P \ 0.001), vs DOVX (D P \ 0.001); NOVX: vs DS (# P \ 0.001), vs DOVX (# P \ 0.001). FINS,

NS: vs DS (D P \ 0.001), vs DOVX (D P \ 0.001); NOVX: vs DS (# P \ 0.001), vs DOVX (# P \ 0.001). ISI, NS: vs DS (D P = 0.032), vs

DOVX (D P = 0.027); NOVX: vs DS (# P = 0.033), vs DOVX (# P = 0.026))

Table 3 Body weight, blood glucose, insulin and ISI in each experimental group 12 weeks after ovariectomy

N Group Weight (Kg) FBG (mmol/L) FINS (U/L) ISI

8 NS 0.261 (0.227–0.283) 5.5 (4.2–6.1) 17.9 (12.24–22.30) -4.3 (-5.6 to -3.6)

11 NOVX 0.314 (0.275–0.342)D 6.1 (4.4–6.6) 23.51 (13.30–27.41) -4.8 (-5.4 to -4.0)

6 DS 0.239 (0.208–0.287)# 8.7 (7.0–10.1)D,# 46.30 (32.74–60.68)D,# -6.2 (-6.7 to -5.6)D,#

9 DOVX 0.255 (0.225–0.293)# 7.6 (7.1–9.6)D,# 40.21 (30.52–52.73)D,# -5.7 (-6.3 to -5.1)D#

The data are presented as median and range. The comparisons were performed using non parametric tests (weight, NS: vs NOVX (DP = 0.02);

NOVX: vs DS (# P = 0.009), vs DOVX (# P = 0.017). FBG, NS: vs DS (D P = 0.01), vs DOVX (D P = 0.015); NOVX: vs DS (# P = 0.022),

vs DOVX (# P = 0.034). FINS, NS: vs DS (D P \ 0.001), vs DOVX (D P \ 0.001); NOVX: vs DS (# P \ 0.001), vs DOVX (# P \ 0.001). ISI,

NS: vs DS (D P = 0.02), vs DOVX (D P = 0.02); NOVX: vs DS (# P = 0.035), vs DOVX (# P = 0.037))
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Twelve weeks after ovariectomy or sham ovariectomy,

compared to the control groups (NS, NOVX), the rats in

the diabetic groups (DS, DOVX) continued to exhibit

significant increases in body weight, FBG and FINS; ISI

was decreased in the diabetic rats (Table 3). Ovariectomy

(NOVX, DOVX) decreased both BMD and estrogen levels

compared to control groups (NS, DS). The DS group

exhibited decreased bone density at 8 and 12 weeks, and

also decreased estrogen level at 12 weeks, compared to the

NS group (Fig. 1).

Histological changes of the diabetic groups

Microscopic inspection of the liver, skeletal muscle, and

kidney also revealed significant histological changes in the

diabetic group. In the non-diabetic groups, hepatocytes

Fig. 1 Effect of ovariectomy and a high-fat/sugar diet on bone

mineral density (BMD, left 4 weeks, NS: vs NOVX (DP = 0.007), vs

DOVX (DP \ 0.001); DS: vs NOVX (*P = 0.021), vs DOVX

(*P = 0.014); 8 weeks, NS: vs DS (DP = 0.037), vs NOVX

(DP \ 0.001), vs DOVX (DP \ 0.001); DS: vs NOVX (*P = 0.02),

vs DOVX (*P \ 0.001); 12 weeks, NS: vs DS (DP = 0.022), vs

NOVX (DP \ 0.001), vs DOVX (DP \ 0.001); DS: vs NOVX

(*P = 0.027), vs DOVX (*P = 0.005) and estrogen (right, 4 weeks,

NS: vs NOVX (DP = 0.004), vs DOVX (DP \ 0.001); DS vs DOVX

(*P \ 0.001); NOVX vs DOVX (#P = 0.007); 8 weeks, NS: vs

NOVX (DP = 0.015), vs DOVX (DP \ 0.001); DS vs DOVX

(*P \ 0.001); NOVX vs DOVX (#P = 0.01); 12 weeks, NS: vs DS

(DP = 0.015), vs NOVX (DP = 0.009), vs DOVX (DP \ 0.001); DS

vs DOVX (*P \ 0.001); NOVX vs DOVX (#P = 0.024))

Fig. 2 Pathological changes in

the liver (top panel), skeletal

muscle (middle panel), and

kidney (bottom panel) of

diabetic (DS, DOVX) and non-

diabetic (NS, NOVX) rats

following ovariectomy (NOVX,

DOVX) or sham ovariectomy

(NS, DS) (9400)
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were neatly arranged with clearly defined nuclear structure;

no inflammatory cells were observed. In contrast, in the

diabetic groups, hepatic lobules exhibited architectural

distortion, and steatosis was observed in individual hepa-

tocytes. In the non-diabetic groups, skeletal muscle fasci-

cles were nicely arranged and cells appeared normal;

ultramicroscopic filaments were regularly arranged. In DS

and DOVX groups, increased spacing between skeletal

muscle fascicles was observed, and ultramicroscopic fila-

ments were loosely and irregularly aligned. In the kidney,

in contrast to the non-diabetic groups, the diabetic groups

showed increased glomerular volume and dilated medul-

lary loops (Fig. 2).

The mRNA expression levels of IGF-1, IRS-1,

and IRS-2 in the bone, liver, skeletal muscle,

and kidney of each group

In bone, with time, both ovariectomy (NOVX) and a high-

fat/sugar diet (DS) alone decreased the mRNA levels of

IGF-1, IRS-1, and IRS-2 compared to control rats (NS).

However, the lowest levels were observed in DOVX rats.

For IGF-1 and IRS-1, this interaction was observed as early

as 8 weeks after ovariectomy.

In liver, muscle and kidney, IGF-1, IRS-1, and IRS-2

exhibited different expression patterns in response to

changes in diet and hormonal status compared to bone. In

liver, both ovariectomy and diet alone eventually decreased

the mRNA levels of IGF-1, and even lower IGF-1 levels

were observed in DOVX rats. On the other hand, the

mRNA levels of IRS-1 and IRS-2 were not significantly

altered by ovariectomy alone, although a high-fat/sugar

diet alone decreased the IRS-1 and IRS-2 mRNA levels in

liver. In addition, unlike bone, no interaction between

gonadal hormone status and diet was observed in the

suppression of IRS-1 and IRS-2.

In muscle and kidney, similarly to liver, ovariectomy

and a high-fat/sugar diet alone reduced IGF-1 mRNA

levels; an even greater suppression of IGF-1 was observed

in DOVX rats after 12 weeks. Ovariectomy also decreased

Table 4 IGF-1, IRS-1, and IRS-2 mRNA expression levels in the bone, liver, muscle, and kidney of each experimental group 12 weeks after

ovariectomy

Tissue Group IGF-1 IRS-1 IRS-2

Bone NS 1.023 ± 0.088 0.996 ± 0.042 1.103 ± 0.082

NOVX 0.615 ± 0.042D 0.675 ± 0.073D 0.707 ± 0.071D

DS 0.894 ± 0.062D,# 0.781 ± 0.091D 0.903 ± 0.068D,#

DOVX 0.306 ± 0.053D*,# 0.448 ± 0.082D,*,# 0.596 ± 0.066D,*,#

Liver NS 0.991 ± 0.024 0.979 ± 0.028 0.931 ± 0.063

NOVX 0.677 ± 0.052D 0.939 ± 0.052 0.918 ± 0.045

DS 0.569 ± 0.046D 0.832 ± 0.061D 0.887 ± 0.048

DOVX 0.392 ± 0.044D,*,# 0.804 ± 0.064D 0.882 ± 0.052

Muscle NS 1.022 ± 0.085 1.003 ± 0.079 1.016 ± 0.082

NOVX 0.743 ± 0.078D 0.882 ± 0.068 0.499 ± 0.052D

DS 0.410 ± 0.074D,# 0.386 ± 0.071D,# 0.529 ± 0.044D

DOVX 0.296 ± 0.041D,*,# 0.431 ± 0.062D,# 0.422 ± 0.044D

Kidney NS 0.991 ± 0.052 0.955 ± 0.051 0.976 ± 0.045

NOVX 0.783 ± 0.042D 0.656 ± 0.052D 0.772 ± 0.058D

DS 0.425 ± 0.033D,# 0.614 ± 0.059D 0.769 ± 0.060D

DOVX 0.298 ± 0.024D,*,# 0.468 ± 0.042D,*,# 0.427 ± 0.053D,*,#

Bone: IGF-1, NS: versus NOVX (DP = 0.014), versus DS (D P = 0.043), versus DOVX (D P \ 0.001); NOVX: versus DS (# P = 0.027),

versus DOVX (# P = 0.015); DS versus DOVX (*P \ 0.001). IRS-1, NS: versus NOVX (D P = 0.016), versus DS (D P = 0.03), versus DOVX

(D P \ 0.001); NOVX versus DOVX (# P = 0.028); DS versus DOVX (*P = 0.005). IRS-2, NS: versus NOVX (D P = 0.007), versus DS

(D P = 0.03), versus DOVX (D P \ 0.001); NOVX: versus DS (# P = 0.039), versus DOVX (# P = 0.047); DS versus DOVX (*P = 0.014).

Liver: IGF-1, NS: versus NOVX (D P = 0.014), versus DS (D P \ 0.001), versus DOVX (D P \ 0.001); NOVX versus DOVX (# P = 0.02); DS

versus DOVX (*P = 0.034). IRS-1, NS: versus DS (D P = 0.041), versus DOVX (D P = 0.03). Muscle: IGF-1, NS: versus NOVX

(D P = 0.016), versus DS (D P \ 0.001), versus DOVX (D P \ 0.001); NOVX: versus DS (# P = 0.01), versus DOVX (# P \ 0.001); DS versus

DOVX (*P = 0.043). IRS-1, NS: versus DS (D P \ 0.001), versus DOVX (D P \ 0.001); NOVX: versus DS (# P \ 0.001), versus DOVX

(# P \ 0.001). IRS-2, NS: versus NOVX (D P \ 0.001), versus DS (D P \ 0.001), versus DOVX (D P \ 0.001). Kidney: IGF-1, NS: versus

NOVX (D P = 0.027), versus DS (D P \ 0.001), versus DOVX (D P \ 0.001); NOVX: versus DS (# P = 0.013), versus DOVX (# P \ 0.001);

DS versus DOVX (*P = 0.04). IRS-1, NS: versus NOVX (D P = 0.015), versus DS (D P = 0.012), versus DOVX (D P \ 0.001); NOVX versus

DOVX (# P = 0.028); DS versus DOVX (*P = 0.04). IRS-2, NS: versus NOVX (D P = 0.028), versus DS (D P = 0.026), versus DOVX

(D P \ 0.001); NOVX versus DOVX (# P \ 0.001); DS versus DOVX (*P \ 0.001)
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IRS-1 (kidney) and IRS-2 (muscle and kidney). Also like

liver, a high-fat/sugar diet alone was sufficient to reduce

IRS-1 (kidney) and IRS-2 (muscle and kidney). Finally, an

interaction between diet and gonadal steroid status was

detected in muscle and kidney for IRS-1 and IRS-2;

however, the time course of this interaction was different

compared to bone (Table 4; Fig. 3).

Liver, skeletal muscle, and kidney IGF-1, IRS-1,

and IRS-2 protein expression levels 12 weeks

after ovariectomy

IGF-1, IRS-1, and IRS-2 were expressed in hepatocytes,

skeletal muscle cells, and renal epithelial cells of each

group. Similarly to mRNA levels, both ovariectomy and

diet alone decreased the protein levels of IGF-1 in the liver,

kidney, and skeletal muscle, and even lower IGF-1 levels

were observed in DOVX rats at 12 weeks.

However, different patterns were observed for IRS-1

and IRS-2. In liver, although ovariectomy and a high-fat/

sugar diet either alone or together decreased the expression

of IRS-1, at 12 weeks the levels were not significantly

different among these three treatment groups. For hepatic

IRS-2, only DOVX rats exhibited decreased protein

expression compared to with controls.

In skeletal muscle, ovariectomy alone did not alter IRS-

1 or IRS-2. However, both DS and DOVX rats exhibited

decreased IRS-1 and IRS-2 protein levels at 12 weeks,

compared to NS and NOVX rats.

In the kidney, ovariectomy alone decreased only IRS-1,

although a high-fat/sugar diet alone decreased the protein

levels of both IRS-1 and IRS-2, compared to NS rats.

Again, similarly to the mRNA levels, DOVX rats exhibited

the lowest levels of IRS-1 and IRS-2 protein in kidney

(Table 5; Fig. 4).

Discussion

The purpose of this study was to test whether estrogen loss

and type II diabetes interact via decreased insulin signaling

proteins to produce osteoporosis. The major new findings

are that (1) a high-fat/sugar diet associated with insulin

resistance was sufficient to eventually decrease bone

Fig. 3 IGF-1, IRS-1, and IRS-2 mRNA expression levels in the bone,

liver, muscle, and kidney of each group. Bone: the expression levels

of IGF-1 and IRS-2 in NOVX and DOVX groups were lower than that

in NS and DS groups, the expression of IRS-1 in NOVX, DOVX and

DS groups were lower than that in NS group at 12 weeks. Liver: the

expression levels of IGF-1 and IRS-1 in DS and DOVX groups were

lower than that in NS group at 12 weeks, the expression level of IRS-

2 in DS group was lower than that in NS and NOVX groups at 4 and

8 weeks. Muscle: the expression levels of IGF-1, IRS-1, and IRS-2 in

DS and DOVX groups were lower than that in NS group. Kidney:

IGF-1, IRS-1 and IRS-2 expression in NOVX, DS, and DOVX groups

were lower than that in the NS group
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density and plasma estrogen levels; (2) bone density was

reduced more in OVX rats with DMII than in rats fol-

lowing OVX or DMII alone; and (3) IGF-1, IRS-1, and

IRS-2 were reduced by OVX and DMII in liver, skeletal

muscle, kidney, and bone; however, the decreases were

generally more rapid and profound in bone compared to the

other tissues. Collectively, these data demonstrate that

estrogen loss and insulin resistance induced by a high-fat/

sugar diet interact to produce osteoporosis and support the

hypothesis that the bone loss may be mediated at least in

part by concurrent decreases in the insulin signaling pro-

teins in bone.

Due to the high prevalence of diabetes worldwide, a

number of diabetic animal models have been developed, of

which rodent models are the most thoroughly described.

These rodent models can be classified into two broad cat-

egories: (1) genetically induced spontaneous diabetes

models, such as Zucker diabetic fatty (ZDF) rats [16, 17]

and Goto–Kakizaki (G–K) rat, a model for non-obese type

II diabetes [18, 19] and (2) experimentally induced non-

spontaneous diabetes models. These models include: adult

streptozotocin (STZ)/alloxan rat models, neonatal STZ/

alloxan models, partial pancreatectomy models, long-term

high-fat (HF) diet-fed models, and HF diet-fed STZ models

[20]. In these models, the single dose STZ- or alloxan-

induced diabetes mimics features of type 1 diabetes;

however, a high dose of STZ/alloxan (90–120 mg/kg) is

required. HF diet-induced DMII rats are similar to the

earlier stages of obesity associated with insulin resistance,

whereas the combination of a HF diet and a low dose of

STZ is closely analogous to the later stages of the human

DMII syndrome [21–24]. In this study, we used a high-fat/

sugar diet coupled with a delayed low dose of STZ to

induce this model of DMII (weight gain, elevated levels of

insulin and glucose, followed by weight loss and lower

insulin levels). The transition from insulin resistance to

hyperglycemia in this situation would be analogous to the

decline in compensatory hyperinsulinemia and develop-

ment of hyperglycemia that likely occurs in human type II

diabetes.

While it is well established that DMI can reduce BMD,

in patients with DMII, a normal, reduced or increased

BMD has been observed in comparison with that of healthy

controls [25–27]. Nevertheless, several clinical studies

consistently demonstrated that DMII is associated with an

increased risk of fractures even in the presence of high

BMD [28–31]. In addition, Hamann et al. [32] found that in

insulin-resistant DMII rats, trabecular and lumbar spine

BMD were lower than in non-diabetic rats, and bone

quality also decreased in streptozotocin-induced DMII

[33]. Our results support these earlier findings, since we

found that DMII alone time dependently decreased BMD.

Menopause, due to reduced estrogen levels, also

decreases BMD. In support, we found that OVX rats

exhibited markedly reduced BMD compared to normal

female rats. However, whether estrogen loss exacerbates

Table 5 IGF-1, IRS-1, and IRS-2 protein expression levels in the liver, muscle and kidney of each experimental group 12 weeks after

ovariectomy

Tissue Group IGF-1 IRS-1 IRS-2

Liver NS 8.6 ± 0.5 8.8 ± 1.0 8.4 ± 0.7

NOVX 6.3 ± 0.9D 7.1 ± 0.8D 7.6 ± 0.6

DS 5.2 ± 0.6D 6.2 ± 0.7D 6.8 ± 0.8

DOVX 3.6 ± 0.7D,*,# 6.1 ± 0.9D 6.1 ± 0.5D

Muscle NS 7.6 ± 0.9 8.3 ± 0.6 8.0 ± 0.9

NOVX 5.9 ± 0.6D 7.9 ± 0.8 6.8 ± 0.5

DS 4.5 ± 0.5D,# 6.0 ± 0.8D,# 5.4 ± 0.4D

DOVX 2.8 ± 0.5D,*,# 5.7 ± 0.5D,# 3.8 ± 0.5D,#

Kidney NS 8.5 ± 0.7 9.2 ± 0.9 8.3 ± 0.6

NOVX 6.3 ± 0.7D 7.4 ± 0.7D 7.0 ± 0.7

DS 5.3 ± 0.4D 6.6 ± 0.9D 6.7 ± 0.7D

DOVX 3.7 ± 0.6D,*,# 5.3 ± 0.5D,# 5.0 ± 0.5D,*,#

Liver: IGF-1, NS: versus NOVX (DP = 0.029), versus DS (D P = 0.025), versus DOVX (D P \ 0.001); NOVX versus DOVX (# P = 0.023); DS

versus DOVX (*P = 0.036). IRS-1, NS: versus NOVX (D P = 0.034), versus DS (D P = 0.02), versus DOVX (D P = 0.013). IRS-2, NS versus

DOVX (D P = 0.02). Muscle: IGF-1, NS: versus NOVX (D P = 0.031), versus DS (D P = 0.015), versus DOVX (D P \ 0.001); NOVX: versus DS

(# P = 0.035), versus DOVX (# P \ 0.001); DS versus DOVX (*P = 0.04). IRS-1, NS: versus DS (D P = 0.023), versus DOVX (D P = 0.019);

NOVX: versus DS (# P = 0.02), versus DOVX (# P = 0.017). IRS-2, NS: versus DS (D P = 0.007), versus DOVX (D P \ 0.001); NOVX versus

DOVX (# P \ 0.001). Kidney: IGF-1, NS: versus NOVX (D P = 0.021), versus DS (D P = 0.009), versus DOVX (D P \ 0.001); NOVX versus

DOVX (# P = 0.028); DS versus DOVX (*P = 0.037). IRS-1, NS: versus NOVX (D P = 0.03), versus DS (D P = 0.022), versus DOVX

(D P = 0.003); NOVX versus DOVX (# P = 0.02). IRS-2, NS: versus DS (D P = 0.027), versus DOVX (D P \ 0.001); NOVX versus DOVX

(# P = 0.02); DS versus DOVX (*P = 0.03)

142 Endocrine (2013) 43:136–146

123



the deleterious effects of DMII has received only limited

attention. For example, postmenopausal women with DMII

exhibited larger holes in the trabecular bone at the distal

radius as compared to controls [34]. In our study, after

12 weeks, the lumbar BMD of OVX rats with DMII was

lower than OVX or DMII alone. This change in bone was

associated with rather dramatic histological pathology in

other tissues, including muscle, kidney and liver.

Although OVX with DMII decreased BMD and induced

osteopenia and osteoporosis, the exact underlying mecha-

nism is still elusive. It is well-known bone is continually

being remodeled, depending on the balance between bone

formation by osteoblasts and resorption by osteoclasts. A

shift in this balance, causing a predominance of bone

resorption over bone formation, results in bone loss such as

that seen in osteoporosis. Postmenopausal women with

Fig. 4 IGF-1, IRS-1, and IRS-2 protein expression levels in the liver,

muscle and kidney (9400). Liver: the expression levels of IGF-1 and

IRS-1 in NOVX, DS and DOVX groups were lower than that in NS

groups at 12 weeks, IRS-2 in DOVX rats was lower than that in NS

group. Muscle: the expression levels of IGF-1 and IRS-1 in DS and

DOVX groups were lower than that in NS and NOVX groups at

12 weeks, the expression levels of IRS-2 in DS and DOVX groups

were lower than that in NS group at 12 weeks. Kidney: the expression

levels of IGF-1, IRS-1, and IRS-2 in DOVX and DS groups were

lower than that in NS group at 12 weeks
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DMII had lower levels of bone formation markers as

compared to controls [35, 36], and it is widely accepted

that hyperglycemia has direct and indirect deleterious

effects on osteoblast function and bone formation; there-

fore, suppressed osteoblastogenesis may underlie the low

bone mass in DMII.

Insulin resistance may be one potential contributor to

reduced BMD in DMII, since hyperinsulinemia can be

associated with low BMD [37]. In addition, the important

role of insulin signaling in the maintenance of normal bone

metabolism has been demonstrated using knockout mice.

Small bone size, low BMD, and osteoporosis were reported

in IGF-1 and IGF-1 receptor knockout mice [38], and

cultured osteoblasts from IRS-2-/- mice showed reduced

differentiation and matrix synthesis compared with wild-

type osteoblasts [39]. Moreover, IRS-1 deficiency in oste-

oblasts impairs osteoblast proliferation, differentiation, and

support of osteoclastogenesis, resulting in low turnover

osteopenia. Finally, nuclear insulin signaling may play an

important role in the transcription control, differentiation,

and growth of osteoblast cells, since both insulin and IGF-1

have been shown to be anabolic agents in osteoblasts and

bone development primarily through the activation of Akt

and ERK signaling pathways [40]. Therefore, the reduc-

tions in bone insulin signaling proteins observed in this

study may have reduced osteoblast bone formation and

explain the reductions in BMD observed in OVX rats with

DMII.

Similar to previous studies [41–44], we found that DMII

alone decreases IGF-1, IRS-1, and IRS-2 in the liver,

skeletal muscle, and kidney. In some tissues, OVX alone

was sufficient to decrease IRS-1 or IRS-2. However, the

falls in these insulin signaling proteins generally occurred

either sooner or more dramatically in bone. Several hor-

mones and other factors (e.g., free fatty acids) have been

identified as contributors to the development of insulin

resistance [45–49]. Therefore, the differential timing and

degree of suppression of insulin signaling proteins in liver,

kidney, and skeletal muscle compared to bone could be due

to either the actions of different mediators or to an

enhanced sensitivity of bone to the same insulin resistance-

inducing factors [50–52]. Future experiments are required

to differentiate among these possibilities.

In conclusion, we have demonstrated that combined

OVX and DMII decreased BMD more than OVX or DMII

alone. The concurrent profound effect of OVX and DMII to

decrease insulin signaling proteins in bone relative to other

tissues suggests that these pathways may contribute to the

severe osteoporosis that is produced.
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