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Hongxia Wang1,2,3 and Lige Song 1,2,3*

1Department of Endocrinology, Yangpu Hospital, School of Medicine, Tongji University,
Shanghai, China, 2Department of Endocrinology, Shanghai Tongji Hospital, School of Medicine, Tongji
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Introduction: Patients with type 2 diabetes mellitus (T2DM) have decreased bone

turnover levels. However, there are few studies comparing the anti-osteoporosis

effects of anabolic drugs and anti-resorptive drugs in patients with T2DM. Thus, this

study was designed to compare the changes in bone mineral density (BMD) and

bone turnover levels in mice and postmenopausal osteoporotic patients, both with

and without T2DM, following treatment with rhPTH(1-34) or alendronate (ALN).

Methods: In the animal study, themousemodel of T2DM (DMmice) was established

by high-fat diet (60% from fat) feeding and streptozotocin injection (100 mg/kg) in

C57BL/6 mice. Both DM and control (CON) mice were then randomly assigned to

receive either normal saline, rhPTH or ALN treatment. In the clinical study, a single-

center, prospective, open-label, randomized controlled clinical trial was conducted.

Postmenopausal patients with osteoporosis (OP) and postmenopausal patients with

both osteoporosis and type 2 diabetes (DOP) were recruited and randomly assigned

to receive either rhPTH(1-34) or ALN treatment for a period of one year. Changes in

BMD and bone turnover levels were assessed in all groups.

Results: Compared to CON mice, DM mice exhibited decreased bone mass,

impaired bone microstructure and, decreased levels of bone turnover markers,

including procollagen type I intact N-terminal (P1NP) and C terminal cross-

linking telopeptide of type I collagen (CTX). rhPTH(1-34) could reverse the low

bone turnover observed in DM mice and had a better effect on improving BMD,

bone volume per tissue volume (BV/TV), trabecular number in femoral trabecular

bone, as well as BMD, BV/TV, and trabecular thickness in lumbar trabecular bone.

In the clinical trial, at baseline, patients with DOP also exhibited decreased levels

of bone turnover markers, including P1NP, CTX and osteocalcin. For patients with

DOP, rhPTH(1-34) had a better effect than ALN on BMD improvement at the

lumbar spine. Notably, the effect of ALN on lumbar spine improvement in

patients with DOP was even smaller than that in patients with OP alone.

Conclusion: Initiating treatment with rhPTH(1-34) may provide greater clinical

benefits to patients with diabetic bone disease characterized by low bone

turnover levels.
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1 Introduction

The incidence of fractures in patients with type 2 diabetes

mellitus (T2DM) is significantly higher than that in non-diabetic

subjects (1). A recent meta-analysis revealed that the relative risks of

non-vertebral fractures and hip fractures in patient with T2DM

were 1.19 and 1.33 respectively (2). Given the sharp rise in the

prevalence of diabetes worldwide (3), the increased fracture risk of

patients with T2DM has attracted more attention. Consequently,

the term “diabetic bone disease” has been proposed in recent years

and is now recognized as one of the chronic complications

associated with diabetes.

Previous studies have indicated that patients with T2DM

exhibit a reduced level of bone turnover (4). Specifically, the

serum levels of procollagen type I intact N-terminal (P1NP) and

C terminal cross-linking telopeptide of type I collagen (CTX) were

both lower in patients with T2DM (5). However, their femoral and

lumbar bone mineral density (BMD) were comparable to or even

higher than those of non-diabetic controls (6, 7). Therefore, the

anti-osteoporosis treatment strategies for patients with T2DM may

need to differ from those applied in non-diabetic patients,

considering their unique bone metabolism characteristics.

Bisphosphonate and teriparatide [recombinant human

parathyroid hormone 1-34, rhPTH (1–34)] are two widely used

anti-osteoporosis medications (8). Bisphosphonates inhibit the

bone resorption activity of mature osteoclasts, thereby

significantly reducing bone turnover (9). Previous clinical trials

have demonstrated that both alendronate (ALN) and risedronate

had similar efficacy in suppressing bone turnover and increasing

BMD between osteoporosis patients with and without T2DM (10,

11). A large-sample-size cohort study further confirmed that the

anti-fracture efficacy of ALN is equivalent in patients with diabetes

(12). Conversely, rhPTH (1–34), a potent anabolic agent, stimulates

osteoblasts to deposit osteoid, thereby promoting bone formation

and increasing bone turnover (13). The DANCE observational

study revealed that, compared to non-diabetic patients, rhPTH

(1–34) treatment in T2DM patients led to a greater increase in

femoral neck BMD, similar increases in spine and total hip BMD

and a comparable reduction in nonvertebral fracture incidence (14).

However, these results were derived from subgroup analyses or

post-hoc analyses, primarily focusing on whether there were

differences in the effects of anti-osteoporosis drugs between

patients with and without diabetes. To date, no randomized

clinical trials have directly compared the anti-osteoporosis efficacy

of anabolic drugs versus anti-resorptive drugs specifically in

patients with T2DM.

Thus, there is still a paucity of evidence regarding the clinical

efficacy of anabolic and anti-resorptive drugs in patients with

T2DM. This study was designed to compare the changes in BMD

and bone turnover levels in mice and postmenopausal osteoporotic

patients, both with and without T2DM, following treatment with

rhPTH (1–34) or ALN.
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2 Materials and methods

2.1 Animals experiments

2.1.1 Mouse model
The method for establishing the mouse model of type 2 diabetes

using high-fat diet (HFD) and streptozotocin (STZ) injection was

based on prior researches, with most studies utilizing male mice (15,

16). Male C57BL/6 mice were purchased from Vital River

(Zhejiang, China) and housed under specific pathogen-free

condition. Four-week-old mice were randomly divided into the

control group (CON) or the type 2 diabetes group (DM). After one

week of adaptive feeding, mice were fed with HFD (TP23500, 60%

kcal from fat, Trophic Animal Feed, China) for 9 weeks. Mice in the

DM group were then intraperitoneally injected with STZ (Sigma-

Aldrich) dissolved in citrate buffer (0.1 mol/L, pH=4.5). The dose of

STZ was 100 mg/kg body weight. Mice in the CON group were

intraperitoneally injected with citrate buffer alone. On days 7, 14,

and 21 after STZ injection, fasting blood glucose (after an 8-hour

fast) was measured. If the value was ≥16.7 mmol/L on all three

occasions, the mice were considered to have successfully developed

diabetes. Oral glucose tolerance test (OGTT, 1.5 g/kg glucose by

gavage) and insulin tolerance test (ITT, 0.75 IU/kg insulin by

intraperitoneal injection) were conducted to evaluate glucose

metabolism, with a one-week interval between the two tests, prior

to sacrifice. Blood glucose levels were measured by a glucometer

(ACCU-CHECK® Performa, Roche). At 17 weeks of age, the CON

mice and the DM mice were randomly divided into the following

three group respectively (1): normal saline group (2); rhPTH group

(3); ALN group. Each experimental group had 5 mice.

At 17 weeks of age, alendronate (A4978, Sigma-Aldrich) were

administrated to mice in ALN group at a dose of 2 mg/kg per week

by gavage for 11 weeks, based on previous studies (17, 18). At 20

weeks of age, teriparatide (rhPTH, Forsteo, Eli Lilly) were

administrated to mice in rhPTH group at a dose of 80 mg/kg per

day by subcutaneous injection for 8 weeks, based on previous

studies (19, 20). All mice were sacrificed at 28 weeks of age.

Animals were maintained in facilities operated by Shanghai

Tongji Hospital, School of Medicine, Tongji University, and all

animal experimental procedures were approved by the Institutional

Animal Care and Use Committee of the Shanghai Tongji Hospital

(2021-DW-020).

2.1.2 Microcomputed tomography (micro-CT)
analysis in mice

Micro-CT analysis has been described in our previous study

(17). Briefly, the femurs and the third lumbar vertebrae (L3) were

fixed in 4% paraformaldehyde for 36 hours, and then scanned by a

micro-CT scanner (SkyScan 1176, Bruker, Kontich, Belguim) using

8.96 mm voxel size, 45 KV, 500 mA and 0.6 degrees rotation step

(180 degrees angular range) and analyzed by CT Analyser (Version:

1.15.4.0+, Bruker, Kontich, Belguim). For trabecular bone analysis
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in the femur, a 1 mm region of metaphyseal spongiosa was

evaluated in the distal femur, positioned 0.5 mm proximal to the

growth plate. Trabecular bone in the lumbar vertebra was quantified

within a 1 mm region positioned 0.7 mm proximal to the growth

plate. For cortical bone analysis, a 0.5 mm segment at the femoral

mid-diaphysis (50% of bone length) was measured. The grayscale

quantification thresholds were set at 85–255 for trabecular bone and

115–255 for cortical bone. The volumetric bone mineral density

(BMD, g/cm3), trabecular bone volume per tissue volume (BV/

TV, %), trabecular thickness (Tb.Th., mm), trabecular space

(Tb.Sp., mm), trabecular number (Tb.N., 1/mm), cortical

thickness (Ct.Th., mm) and cortical total porosity (Ct. Porosity,

%) were assessed.

2.1.3 Histological analysis
The femurs and the third lumbar vertebrae (L3) were fixed in

4% paraformaldehyde for 36 hours and decalcified with 20%

ethylenediaminetetraacetic acid (EDTA). Then specimens were

embedded in paraffin and sectioned at four micrometers

according to standard histological procedures. Hematoxylin-eosin

(HE) staining and tartrate-resistant acid phosphatase (TRACP)

staining was performed using staining kits (Beyotime and

Solarbio respectively).

2.1.4 Von Kossa staining and in vivo mineral
apposition rate measurement

The femurs were fixed in 4% paraformaldehyde for 48 hours.

Following fixation, the tissues were rehydrated and cleared. Finally,

the tissues were embedded in a mixture of methyl methacrylate,

dibutyl phthalate, and benzoyl peroxide. Ten-micrometer sections

were used to perform Von Kossa staining using staining kits

(Macklin). For in vivo mineral apposition rate measurement, mice

were intraperitoneally injected with calcein (20 mg/kg body weight,

Sigma-Aldrich) on days 11 and 2 prior to sacrifice. Images were

captured using a fluorescence microscope (Nikon, DS-Ri2). Mineral

apposition rate (MAR, mm/d) was calculated from the distance

between two fluorochrome double labels.

2.1.5 Biochemical parameters measurement
Blood samples were collected from 28-week-old mice after 6-

hour fasting. Serum triglyceride (mmol/L) and serum total

cholesterol (mmol/L) were detected by a commercial kit from

Nanjing Jiancheng. Serum insulin (nIU/mL) were detected using

enzyme-linked immunosorbent assay (ELISA) kits from CUSABIO

(Cusabio Biotech Cat# CSB-E05071m, RRID: AB_2916335,

coefficient of variation of intra- and inter-assay <10%). Serum

P1NP (ng/mL) and serum CTX (ng/mL) were measured using

ELISA kits from Immunodiagnostic Systems Limited (P1NP:

Immunodiagnostic Systems Cat# AC-33F1, RRID: AB_2801263;

CTX: Immunodiagnostic Systems Cat# AC-06F1, RRID:

AB_2801265; coefficient of variation of intra- and inter-

assay <15%).
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2.2 Clinical trial

2.2.1 Study population
In accordance with the Guidelines for the Diagnosis and

Treatment of Primary Osteoporosis issued by the Chinese Society

of Osteoporosis and Bone Mineral Research, which stipulate that

the use of rhPTH(1-34) is restricted to postmenopausal

osteoporotic patients, we recruited two groups of participants:

postmenopausal patients with osteoporosis but without type 2

diabetes mellitus (OP), and postmenopausal patients with

osteoporosis and type 2 diabetes mellitus (DOP). Patients were all

collected from the Department of Endocrinology, Tongji Hospital,

School of Medicine, Tongji University, Shanghai, China. The

calculation of sample size was based on the mean percentage

change in lumbar spine BMD. According to a previous study, the

mean percentage increase in lumbar spine BMD from baseline to

week 48 (approximately 12 months) was 1.3 ± 5.0(%) in the

alendronate group and 5.9 ± 5.5(%) in the rhPTH(1-34) group

(21). Therefore, a sample size of 38 is required to achieve a statistical

power of 80% at a significance level of 5%.

The inclusion criteria were as follows: 1) ambulatory

postmenopausal women aged between 65 to 80 years (inclusive); 2)

all subjects met the osteoporosis diagnostic criteria issued by the

International Osteoporosis Foundation (IOF) guideline (2019), and

patients with type 2 diabetes met the diagnostic criteria for type 2

diabetes issued by the World Health Organization (WHO) guideline

(1999); 3) have history of lumbar vertebral fragility fracture in the past

one year; 4) general condition is good and do not need to rely on others

for help in daily life; 5) no previous use of any anti-osteoporosis drugs;

6) willing to sign informed consent and to adhere to the study protocol.

The exclusion criteria were as follows: 1) have diseases or drugs that

cause secondary osteoporosis such as rheumatoid arthritis,

hyperparathyroidism, hyperthyroidism, glucocorticoid, etc.; 2)

thiazolidinediones were used within 1 year before screening or during

follow-up; 3) renal dysfunction (estimated glomerular filtration rate <60

mL/min/1.73m2); 4) serum 25-hydroxyvitamin D [25(OH)D]

concentration <50 nmol/L; 5) malignant tumor; 6) current enrollment

in other drug trials or less than 1 month since completion; 7)

contraindications to teriparatide or bisphosphonate therapy.

This study was approved by the Ethics Committee of Tongji

Hospital, Tongji University School of Medicine (2022-043) and

complied with the ethical standards of the Declaration of Helsinki.

All the patients signed written informed consent.

2.2.2 Study design
This clinical trial was a single-center, prospective, open-label,

randomized controlled study conducted in Tongji Hospital, School

of Medicine, Tongji University, Shanghai, China. Randomization

was performed using a computer-generated sequence (SPSS) by an

independent statistician. Allocation concealment was ensured using

sequentially numbered, opaque, sealed envelope, which was opened

only after baseline assessments. Outcome assessors and data
frontiersin.org

https://doi.org/10.3389/fendo.2025.1657481
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2025.1657481
analysts were blinded to treatment allocation throughout the study

period. A per-protocol analysis was performed to handle dropouts.

Subjects with OP and subjects with DOP were respectively

randomized 1:1 to receive teriparatide (rhPTH; Forsteo, Eli Lilly,

20 ug per day, subcutaneously) or alendronate (ALN; Fosamax,

Merck, 70 mg per week, orally). Throughout the study period, all

participants were administered a daily regimen of 525 IU of vitamin

D3 and 600 mg of calcium supplementation.

The primary endpoint was the percentage change in areal bone

mineral density (aBMD) at the lumbar spine from baseline to

month 12. The secondary endpoints included the percentage

changes in aBMD at the femoral neck and total hip from baseline

to month 12, and the percentage changes in serum bone alkaline

phosphatase (BALP), serum P1NP, serum osteocalcin (OC) and

serum CTX from baseline to month 6 and month 12.

2.2.3 Data collection
Age, menopausal time and history of fracture were recorded.

aBMD (g/cm2) at lumbar spine 1-4, femoral neck and total hip were

detected by dual-energy X-ray absorptiometry (DXA, HOLOGIC

Discovery; coefficient of variation <1%). aBMD was detected at

baseline and month 12. Peripheral venous blood was collected after

overnight fasting. Serum P1NP (ng/mL), OC (ng/mL) and CTX

(ng/mL) were measured by electrochemiluminescence assay (P1NP:

Roche Cat# 03141071190, RRID: AB_2782967; OC: Roche Cat#

12149133122, RRID: AB_2915903; CTX: Roche Cat# 11972308122,

RRID: AB_2905599; coefficient of variation of intra- and inter-

assay <10%). Serum BALP (mg/L) was measured by enzyme

immunoassay (Immunodiagnostic Systems Cat# AC-20F1, RRID:

AB_2943063, coefficient of variation of intra- and inter-

assay <10%). Serum bone turnover markers were all measured at

baseline, month 6 and month 12.
2.3 Statistical analysis

Statistical analysis was conducted using SPSS Statistics version

22.0 and GraphPad Prism version 8.0. Continuous variables were

expressed as mean ± standard deviation (SD). Comparison between

two groups was conducted using the Student’s t-test or the Mann-

Whitney U test, depending on whether the data were normally

distributed. For more than two groups, one-way analysis of variance

(one-way ANOVA) with LSD test was applied. Categorical variables

were reported as numbers and percentages, with Fisher’s exact test

used for compar i son . p<0.05 was cons idered to be

statistically significant.
3 Results

3.1 Mice with DM exhibited impaired
glucose tolerance and insulin resistance

The mouse model of diabetic bone disease was established in

C57BL/6 mice through a combination of high-fat diet feeding and
Frontiers in Endocrinology 04
STZ injection (Figure 1A). Gross images of CON mice and DM

mice are shown in Figure 1B. At 28 weeks of age, the body weight of

DM mice was slightly lower than that of CON mice, while blood

glucose levels were significantly higher (Figures 1C, D). OGTT

revealed impaired glucose tolerance in DM mice (Figures 1E, F).

Additionally, DM mice showed impaired lipid metabolism, with

elevated serum triglyceride (Figure 1G) and total cholesterol levels

(Figure 1H). Although serum insulin levels did not differ

significantly between the two groups (Figure 1K), DM mice

exhibited a reduced absolute value of the initial slope (during 0–

15 minute) of the ITT curve (Figures 1I, J) and an increased

HOMA-IR level (Figure 1L), indicating the presence of insulin

resistance in DM mice.
3.2 Mice with DM exhibited reduced bone
mass, compromised bone microstructure,
and diminished bone turnover

Micro-CT analysis revealed that DM mice exhibited

significantly reduced BMD and BV/TV in both femurs and

lumbar vertebrae compared to CON mice (Figures 2A–C).

Additionally, DM mice showed lower Tb.Th and Tb.N in femoral

trabecular bone, as well as decreased Tb.Th in lumbar trabecular

bone (Figures 2D, F). However, no statistically significant

differences in Th.Sp were observed between DM and CON mice

in either femurs or lumbar vertebrae (Figure 2E). Ct.Th of femurs

was also decreased in DM mice, and Ct.Porosity was increased

(Figures 2G, H). Therefore, DM mice had experienced a substantial

decline in bone mass and compromised bone microarchitecture.

Von Kossa staining (Figures 2I, J), double labeling of calcein

fluorescence (Figures 2I, K), and TRACP staining (Figures 2I, L)

collectively demonstrated that the mineralized bone tissue volume,

mineral apposition rate, and bone resorption activity were all

significantly reduced in DM mice compared to controls,

suggesting a decreased level of bone turnover in DM mice.
3.3 Both rhPTH and ALN were capable of
improving bone mass and bone
microstructure in DM mice, but rhPTH
demonstrated better efficacy

Mice were treated with rhPTH or ALN to compare the

therapeutic effects of these two drugs (Figure 3A). Neither rhPTH

nor ALN administration affected the body weight and blood glucose

levels of the mice (Figures 3B, C). According to the HE staining and

micro-CT images, both rhPTH and ALN effectively enhanced bone

mass in the femurs of mice with DM (Figures 3D, E). In DM mice,

the BMD and BV/TV of femoral trabecular bone, as well as the

BMD of femoral cortical bone, were significantly increased

following treatment with either rhPTH or ALN (Figures 3F, G).

However, rhPTH exhibited a more pronounced therapeutic effect

on improving BMD and BV/TV in femoral trabecular bone

(Figures 3F, G). Additionally, rhPTH was more effective than
frontiersin.org
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ALN in increasing femoral Tb.N in DMmice and was able to reduce

femoral Tb.Sp, whereas ALN did not have the capability to improve

femoral Tb.Sp (Figures 3I, J). Regarding the impaired Tb.Th, Ct.Th,

and Ct.Porosity of femurs in DM mice, both rhPTH and ALN

showed similar efficacy (Figures 3H, K–L).

Similar to their effects on femurs, both rhPTH and ALN were

able to improve the low bone mass of lumbar vertebrae in DMmice

(Figures 4A, B). However, rhPTH was more effective in increasing

BMD, BV/TV, and Tb.Th in lumbar vertebrae (Figures 4C–E).

Regarding lumbar Tb.Sp and Tb.N, there was no significant

difference in the effectiveness between rhPTH and ALN

(Figures 4F, G).
Frontiers in Endocrinology 05
3.4 rhPTH significantly elevated bone
turnover in DM mice

As depicted in Figure 2, mice with DM exhibited reduced levels

of both bone formation and bone resorption. To further investigate

the impact of rhPTH and ALN on bone turnover, we performed

TRACP staining on femurs and measured the serum levels of the

bone formation marker P1NP and the bone resorption marker

CTX. rhPTH significantly elevated the percentage of TRACP-

positive area in the femurs of mice with DM (Figures 5A, B) and

increased serum levels of P1NP and CTX (Figures 5C, D).

Conversely, following ALN treatment, mice with DM showed a
FIGURE 1

Establishment of type 2 diabetes mice. (A) Experimental protocol. Four-week-old mice were divided into the CON group or DM group (n = 5 per
group). After 9 weeks of high-fat diet (HFD) feeding, mice in DM group were intraperitoneally injected with streptozotocin (STZ, 100 mg/kg). All mice
were sacrificed at 28-week-old of age. (B) Gross images of CON mice and DM mice at 28-week-old of age. (C, D) Fasting body weight and fasting
blood glucose of CON and DM mice at 28-week-old of age (n = 5 per group). (E, F) Blood glucose levels after gavage of glucose (1.5 g/kg). The
areas under the curves indicated glucose tolerance (n = 5 per group). (G, H) Levels of serum triglyceride and serum total cholesterol (n = 5 per
group). (I) Blood glucose levels after an intraperitoneal insulin injection (0.75 IU/kg) (n = 5 per group). (J) Absolute value of slope of insulin tolerance
test (ITT) during 0-15minute (n = 5 per group). (K, L) Levels of serum insulin and HOMA-IR index (n = 5 per group). CON, control mice; DM, type 2
diabetes mice. HOMA-IR=fasting blood glucose(mmol/L)*fasting insulin(mIU/mL)/22.5. Data are represented as means ± SD. *p<0.05, **p<0.01,
***p<0.001, DM mice compared to CON mice.
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decreasing trend in TRACP-positive area in the femurs (Figures 5A,

B), while serum P1NP and ,,CTX levels remained low

(Figures 5C, D).
3.5 Compared to ALN, rhPTH more
effectively improved lumbar spine bone
mineral density in patients with DOP

In mice with DM, rhPTH effectively reversed the low bone

turnover and demonstrated superior efficacy compared to ALN in

improving bone mass and bone microstructure. To further validate
Frontiers in Endocrinology 06
the aforementioned findings in human subjects, we recruited two

groups of participants: postmenopausal patients with osteoporosis

but without type 2 diabetes mellitus (OP), and postmenopausal

patients with osteoporosis and type 2 diabetes mellitus (DOP). Data

were collected from May 2022 to December 2023. A total of 42

patients were enrolled in this study, with 37 patients (88.1%)

completing the follow-up (Figure 6). Based on the primary

endpoint, which is the percentage change in lumbar spine aBMD,

the power of this study is 99%. All patients had a history of lumbar

vertebral fragility fractures within one year prior to enrollment

according to the inclusion criteria. At baseline, patients with DOP

showed higher levels of serum BALP and lower levels of serum
FIGURE 2

DM mice had impaired bone structure and lower bone turnover level. (A) Representative micro-CT 2D and 3D images of the femur and L3 vertebra
at 28-week-old of age (n = 5 per group) and a schematic diagram illustrating the region of interest (ROI) for cortical bone analysis. (B) Volumetric
bone mineral density (BMD) quantification of femoral cortical bone (F-cor), femoral trabecular bone (F-tra), and L3 vertebral trabecular bone (L-tra)
(n = 5 per group). (C–F) Trabecular bone parameters in the femur and L3 vertebra including bone volume per tissue volume (BV/TV, %), trabecular
thickness (Tb.Th., mm), trabecular space (Tb.Sp., mm) and trabecular number (Tb.N., 1/mm) (n = 5 per group). (G, H) Cortical bone parameters
including cortical thickness (Ct.Th., mm) and total porosity (Ct. Porosity, %) in the femur (n = 5 per group). (I) Von Kossa staining (scale bar, 400 mm),
double labeling of calcein (scale bar, 25 mm) and tartrate-resistant acid phosphatase (TRACP) staining (scale bar, 100 mm) of femur (n = 3 per group).
(J) Percentage of mineralized bone area calculated by Image J program (n = 3 per group). (K) Analysis of mineral apposition rate (MAR) in 28-week-
old CON and DM mice (n = 3 per group). (L) Percentage of TRACP positive area calculated by Image J program (n = 3 per group). CON, control
mice; DM, type 2 diabetes mice. Data are represented as means ± SD. *p<0.05, **p<0.01, ***p<0.001, DM mice compared to CON mice.
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FIGURE 3

Decreased femoral bone mass in DM mice could be rescued by rhPTH or ALN treatment, but rhPTH was more effective. (A) Experimental protocol.
CON and DM mice were respectively assigned to three different groups (n = 5 per group). All mice were sacrificed at 28-week-old of age.
(B, C) Fasting body weight and fasting blood glucose of mice at 28-week-old of age (n = 5 per group). (D) Representative images of HE staining of
femur at 28-week-old of age (n = 5 per group). Scale bar, 200 mm. (E) Representative micro-CT 2D and 3D images of the femur at 28-week-old of
age (n = 5 per group). (F) Volumetric bone mineral density (BMD) quantification of femoral cortical bone (F-cor) and femoral trabecular bone (F-tra)
(n = 5 per group). (G–J) Femoral trabecular bone parameters including bone volume per tissue volume (BV/TV, %), trabecular thickness (Tb.Th.,
mm), trabecular space (Tb.Sp., mm) and trabecular number (Tb.N., 1/mm) (n = 5 per group). (K, L) Cortical bone parameters including cortical
thickness (Ct.Th., mm) and total porosity (Ct. Porosity, %) in the femur (n = 5 per group). CON, control mice; DM, type 2 diabetes mice; rhPTH,
recombinant human parathyroid hormone; ALN, alendronate. Data are represented as means ± SD. *p<0.05, **p<0.01, ***p<0.001.
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P1NP, OC and CTX, indicating a low bone turnover status similar

to that observed in mice with T2DM (Table 1). Moreover, no

significant differences were detected in the history of fracture,

aBMD of the lumbar spine, femoral neck, and total hip between

OP and DOP patients (Table 1). Patients with OP and DOP were

then randomized to receive either rhPTH or ALN treatment for a

12-month period. Notably, baseline characteristics including age,

years since menopause, fracture history, bone turnover markers,

and aBMD were comparable between the rhPTH and ALN

subgroups, with no statistically significant differences

observed (Table 1).

The percentage changes in aBMD at the lumbar spine, femoral

neck and total hip were calculated from baseline to month 12. For

the lumbar spine, rhPTH showed a better effect on aBMD

improvement compared to ALN in both OP patients [(7.27 ±

0.77 vs 4.80 ± 0.47)%, p<0.001] and DOP patients [(9.38 ± 0.31

vs 3.54 ± 0.43)%, p<0.001] (Table 2, Figure 7A). The percentage

increase in lumbar spine aBMD was higher in the DOP+rhPTH

group than in the OP+rhPTH group [(9.38 ± 0.31 vs 7.27 ± 0.77)%,

p<0.001] (Table 2, Figure 7A). Conversely, the percentage increase

in lumbar spine aBMD was lower in the DOP+ALN group

compared to the OP+ALN group [(3.54 ± 0.43 vs 4.80 ± 0.47)%,

p<0.001] (Table 2, Figure 7A). In the femoral neck and total hip,

rhPTH and ALN showed similar effects on improving aBMD in
Frontiers in Endocrinology 08
DOP patients [femoral neck: (2.15 ± 2.33 vs 0.84 ± 2.13)%, p =

0.986; total hip: (2.09 ± 0.21 vs 1.80 ± 0.46)%, p = 0.101] (Table 2,

Figures 7B, C). However, in OP patients, rhPTH was less effective

than ALN in enhancing aBMD at the femoral neck [(-0.10 ± 1.28 vs

2.00 ± 0.81)%, p<0.001] (Table 2, Figure 7B) and total hip [(1.21 ±

0.76 vs 2.09 ± 0.33)%, p = 0.013] (Table 2, Figure 7C). Notably, the

improvement in aBMD at the femoral neck and total hip was

greater in the DOP+rhPTH group than in the OP+rhPTH group

[femoral neck: (2.15 ± 2.33 vs -0.10 ± 1.28)%, p = 0.026; total hip:

(2.09 ± 0.21 vs 1.21 ± 0.76)%, p = 0.013] (Table 2, Figures 7B, C).

Regarding bone turnover markers, after 6 months of treatment,

the increase in serum P1NP was greater in the OP+rhPTH group

than in the DOP+rhPTH group [(75.97 ± 9.95 vs 63.34 ± 4.15)%,

p = 0.005] (Table 3, Figure 7E). Conversely, the increases in serum

OC and CTX were higher in the DOP+rhPTH group compared to

the OP+rhPTH group [OC: (81.16 ± 19.68 vs 62.30 ± 14.62)%, p =

0.047; CTX: (107.79 ± 18.85 vs 77.43 ± 21.00)%, p = 0.009] (Table 3,

Figures 7F, G). After 12 months of treatment, there were no

statistically significant differences in the changes of serum bone

turnover markers between the OP+rhPTH and DOP+rhPTH

groups (Table 3, Figures 7D–G). As for the effects of ALN on OP

and DOP patients, the percentage decrease in serum CTX was

greater in the OP+ALN group compared to the DOP+ALN group

after 6 months of treatment [(-40.18 ± 11.87 vs -23.00 ± 9.47)%,
FIGURE 4

Decreased lumbar bone mass in DM mice could be rescued by rhPTH or ALN treatment, but rhPTH was more effective. (A) Representative images of
HE staining of L3 vertebra at 28-week-old of age (n = 5 per group). Scale bar, 200 mm. (B) Representative micro-CT 2D and 3D images of the L3
vertebra at 28-week-old of age (n = 5 per group). (C) Volumetric bone mineral density (BMD) quantification of L3 vertebral trabecular bone (L-tra)
(n = 5 per group). (D–G) Lumbar vertebral trabecular bone parameters including bone volume per tissue volume (BV/TV, %), trabecular thickness
(Tb.Th., mm), trabecular space (Tb.Sp., mm) and trabecular number (Tb.N., 1/mm) (n = 5 per group). CON, control mice; DM, type 2 diabetes mice;
rhPTH, recombinant human parathyroid hormone; ALN, alendronate. Data are represented as means ± SD. *p<0.05, **p<0.01.
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p = 0.002] (Table 3, Figure 7G), and this difference persisted

throughout the 12-month treatment period [(-37.44 ± 12.27 vs

-20.30 ± 10.80)%, p = 0.003] (Table 3, Figure 7G).
4 Discussion

4.1 Decreased bone turnover in T2DM

Many studies have revealed abnormal bone metabolism in

diabetic subjects. Leptin receptor-deficiency (db/db) type 2

diabetic mice model, despite having increased body weight which

is benefit for bone mass, had decreased bone mass in both tibia and

the fifth lumbar vertebral body although the magnitude of the

decrease in the vertebral body was less than that of tibia (22). T2DM

mice and rats induced by high-fat diet and STZ injection also

exhibited a decrease in femoral BV/TV, trabecular number,

trabecular thickness and cortical BMD (16, 23–26), which is
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similar to the results in this paper. In contrast to the diabetic

mice model, no differences in aBMD were found between patients

with DOP and OP, consistent with earlier studies showing that

patients with type 2 diabetes had equal or even higher bone mineral

density than non-diabetic controls (6, 7). However, they are still at a

higher risk of fracture. The alterations in bone microarchitecture

and composition which can finally result in compromised bone

quality may explain the paradoxical phenomenon of retained BMD

and increased bone fragility (27). A large, community-based study

revealed that older T2DM patients had decreased cortical

volumetric bone mineral density, decreased cross-sectional area

and increased cortical porosity at the tibia, measured by HR-pQCT

(28). Another study with large sample size also revealed lower cross-

sectional area and smaller cortical area of tibia in older male T2DM

patients (29). Trabecular bone score (TBS), a parameter evaluating

lumbar spine microarchitecture and negatively correlated to

fracture risk, was lower in T2DM patients according to a meta-

analysis (30). Altered bone composition was also found in
FIGURE 5

rhPTH had a better effect on improving bone turnover level in DM mice. (A) Representative images of tartrate-resistant acid phosphatase (TRACP)
staining of femur (n = 5 per group). Scale bar, 100 mm. (B) Percentage of TRACP positive area calculated by Image J program (n = 5 per group).
(C, D) Serum procollagen type I intact N-terminal (P1NP) and C-terminal cross-linking telopeptide of type I collagen (CTX) concentrations
determined by ELISA (n = 5 per group). CON, control mice; DM, type 2 diabetes mice; rhPTH, recombinant human parathyroid hormone; ALN,
alendronate. Data are represented as means ± SD. *p<0.05, **p<0.01, ***p<0.001.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1657481
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2025.1657481
trabecular bone of T2DM patients, leading to lower energy

absorption (31). In addition, decreased bone turnover can also

lead to reduced bone strength and increased fracture risk (32).

T2DMmice and rats appeared to have reduced bone formation and

bone resorption, evidenced by decreased mineral apposition rate

(33, 34), decreased serum concentrations of bone turnover markers

including P1NP (25, 35), osteocalcin (36) and CTX (25, 37),

consistent to our results. Patients with T2DM also showed

decreased levels of serum P1NP, osteocalcin, CTX and TRACP (5,

38, 39). Histomorphometric analysis also revealed decreased bone

formation rate and decreased osteoblast surface in T2DM

patients (40).
4.2 Mechanisms underlying decreased
bone turnover in T2DM

All the abnormalities that occur in T2DM subjects can affect bone

turnover by impairing the function of osteoblasts or osteoclasts. High

glucose disrupted the osteogenic potential of bone marrow

mesenchymal stem cells (BMSCs) (41) and inhibited the

proliferation and differentiation of osteoblasts through inducing

pyroptosis (42). Receptor activator of nuclear factor−kB ligand

(RANKL)−induced osteoclast differentiation was also inhibited by

high glucose through downregulation of key molecules including

v −ATPase V0 subunit d2 and dendritic cell−specific

transmembrane protein (43). In addition to high glucose, the

accumulation of advanced glycation end products (AGE) could also

suppress the differentiation and function of osteoclasts and osteoblasts,

thereby induced low bone turnover (44). Furthermore, an increased

bone marrow fat fraction has been observed in both patients with

T2DM and corresponding animal models (45). According to the

results from a co-culture system, free fatty acids released by the

adipocytes inhibited osteoblasts proliferation, reduced the expression

levels of runt-related transcription factor 2, type I collagen and
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osteocalcin, and induced osteoblasts apoptosis by activating ROS-

ERK/P38 signaling pathway (46). Another study revealed that high

free fatty acids and high glucose activated METTL3/ASK1-p38

signaling pathway and induced osteoblast ferroptosis (23). Increased

oxidative stress and chronic inflammatory status also played an

important role in diabetic bone disease. Activation of ROS/MAPKs/

NF-kB/NLRP3 pathway inhibited the efferocytosis of osteoclasts (47).

Chronic inflammation stimulated NF-kB activities in osteoblasts and

suppressed osteoblast function (48).
4.3 Therapeutic implications of targeting
low bone turnover in diabetic osteoporosis

Theoretically, anabolic therapies may be more effective in

T2DM subjects characterized by a low-bone-turnover state. An

animal experiment showed that rhPTH(1-34) seemed to have better

effect than risedronate on improving vertebral BMD of SDT fatty

rats, a rat model of T2DM, but they did not compare the effect

directly (49). A retrospective cohort study showed that rhPTH(1-

34) could increase the BMD of the lumbar spine, whole femur and

femoral neck in type 2 diabetic patients with osteoporosis, and the

change in BMD of the femoral neck in the rhPTH(1-34) group

tended to be higher than that in the bisphosphonates groups,

although the difference was not statistically significant (50).

Furthermore, an integrated analysis of four prospective

observational studies showed a greater reduction in the rate of

clinical fractures with rhPTH(1-34) treatment among diabetic

patients compared to non-diabetic patients, although the type of

diabetes was not clearly classified (51). As for the effect of

bisphosphonate on diabetic patients, a retrospective study showed

that elderly, obese, osteoporotic, postmenopausal women with

T2DM were resistant to long-term bisphosphonates use (4.8

years), especially in the hip, femoral neck, and forearm (52). To

date, no large-scale randomized controlled clinical trials have been
FIGURE 6

Subject disposition. rhPTH, recombinant human parathyroid hormone; ALN, alendronate; QD, every day; QW, every week.
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TABLE 1 Baseline demographics and bone metabolism characteristics.

OP DOP p value

DOP+rhPTH
(n=8)

DOP+ALN
(n=10)

OP vs DOP
OP+rhPTH
vs OP+ALN

DOP+rhPTH
vs DOP+ALN

68.63 ± 7.21 66.80 ± 6.51 0.921 0.778 0.581

18.50 ± 7.09 17.20 ± 6.29 0.957 0.885 0.686

8 (100%) 10 (100%) / / /

0 (0%) 1 (10.00%) 1.000 1.000 1.000

3 (37.50%) 2 (20.00%) 1.000 1.000 0.608

1 (12.50%) 2 (20.00%) 0.660 1.000 1.000

20.17 ± 5.12 18.92 ± 4.64 0.016* 0.702 0.696

45.33 ± 9.51 41.44 ± 8.26 0.001** 0.825 0.367

14.58 ± 2.61 14.42 ± 2.80 <0.001*** 0.623 0.903

0.40 ± 0.13 0.38 ± 0.13 <0.001*** 0.732 0.660

0.71 ± 0.04 0.71 ± 0.06 0.878 0.967 0.930

0.53 ± 0.08 0.55 ± 0.06 0.828 0.657 0.372

0.70 ± 0.07 0.69 ± 0.07 0.658 0.762 0.914

rmone; ALN, alendronate; BALP, bone alkaline phosphatase; P1NP, procollagen type I intact N-terminal; OC, osteocalcin; CTX, C-terminal
ted as means ± SD. *p<0.05, **p<0.01, ***p<0.001.
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Factors OP(n=19)
DOP
(n=18) OP+rhPTH

(n=8)
OP+ALN
(n=11)

Age (years) 67.37 ± 7.97 67.61 ± 6.69 68.00 ± 7.58 66.91 ± 8.58

Years since menopause (years) 17.89 ± 6.65 17.78 ± 6.49 17.63 ± 7.58 18.09 ± 6.27

History of fracture (%)

Lumbar vertebral fracture 19 (100%) 18 (100%) 8 (100%) 11 (100%)

Hip fracture 1 (5.26%) 1 (5.56%) 0 (0%) 1 (9.09%)

Wrist fracture 6 (31.58%) 5 (27.78%) 2 (25.00%) 4 (36.36%)

Proximal humerus fracture 2 (10.53%) 3 (16.67%) 1 (12.50%) 1 (9.09%)

Baseline BTM levels

BALP (mg/L) 15.77 ± 2.46 19.47 ± 4.76 15.92 ± 2.78 15.66 ± 2.34

P1NP (ng/mL) 54.19 ± 9.74 43.17 ± 8.79 53.59 ± 11.38 54.63 ± 8.92

OC (ng/mL) 21.12 ± 4.20 14.49 ± 2.64 21.70 ± 4.15 20.70 ± 4.39

CTX (ng/mL) 0.55 ± 0.13 0.38 ± 0.13 0.54 ± 0.14 0.56 ± 0.13

Baseline aBMD levels

Lumbar spine (g/cm2) 0.72 ± 0.06 0.71 ± 0.05 0.71 ± 0.05 0.72 ± 0.07

Femoral neck (g/cm2) 0.54 ± 0.08 0.54 ± 0.07 0.53 ± 0.07 0.55 ± 0.08

Total hip (g/cm2) 0.70 ± 0.09 0.69 ± 0.07 0.69 ± 0.08 0.70 ± 0.09

OP, patients with osteoporosis; DOP, patients with osteoporosis and type 2 diabetes; rhPTH, recombinant human parathyroid h
cross-linking telopeptide of type I collagen; BTM,bone turnover marker; aBMD, areal bone mineral density. Data are represe
o
n
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TABLE 2 Percentage changes in aBMD from baseline to month 12.

OP+rhPTH OP+ALN DOP+rhPTH
(n=8)

DOP+ALN
(n

p value OP+rhPTH vs p value OP+rhPTH vs p value DOP+rhPTH vs
DOP+ALN

p value OP+ALN vs
DOP+ALN

9.38 ± 0.31 3. <0.001*** <0.001***

2.15 ± 2.33 0. 0.986 0.076

2.09 ± 0.21 1. 0.101 0.118

teoporosis and type 2 diabetes; rh al density. Data are represented as means ± SD. *p<0.05, **p<0.01, ***p<0.001.

over markers from baseline

H(n=8) DOP+ DOP+ALN(n=10) p value

36.53 ± 1 -33.35 ± 11.08 0.985

63.34 ± 4 -37.56 ± 6.82 0.132

81.16 ± 1 -39.52 ± 13.95 0.192

107.79 ± -23.00 ± 9.47 0.002**

36.35 ± 2 -28.28 ± 13.56 0.725

65.31 ± 6 -39.34 ± 9.09 0.171

87.98 ± 2 -31.61 ± 14.34 0.429

107.38 ± -20.30 ± 10.80 0.003**

oporosis and type 2 diabetes; rhPT tase; P1NP, procollagen type I intact N-terminal; OC, osteocalcin; CTX, C-terminal
e turnover marker. Data are repr
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Factors
(n=8) (n=11)

Change of aBMD levels
(12 months)

Lumbar
spine(%)

7.27 ± 0.77 4.80 ± 0.47

Femoral
neck(%)

-0.10 ± 1.28 2.00 ± 0.81

Total hip
(%)

1.21 ± 0.76 2.09 ± 0.33

OP, patients with osteoporosis; DOP, patients with o

TABLE 3 Percentage changes in bone turn

Factors OP+rhPT

Change of BTM levels
(6 months)

BALP (%) 51.88 ± 16.0

P1NP (%) 75.97 ± 9.95

OC (%) 62.30 ± 14.6

CTX (%) 77.43 ± 21.0

Change of BTM levels
(12 months)

BALP (%) 36.40 ± 19.4

P1NP (%) 71.87 ± 14.3

OC (%) 67.33 ± 17.3

CTX (%) 91.32 ± 26.2

OP, patients with osteoporosis; DOP, patients with ost
cross-linking telopeptide of type I collagen; BTM, bon
s

5

2

0

5

4

2

0

e

=10) OP+ALN DOP+rhPTH

4 ± 0.43 <0.001*** <0.001***

4 ± 2.13 <0.001*** 0.026*

0 ± 0.46 0.013* 0.013*

TH, recombinant human parathyroid hormone; ALN, alendronate; aBMD, areal bone miner

to month 6 and month 12.

hPTH(n=8) p value OP+ALN(n=11)

.95 0.112 -33.44 ± 13.17

15 0.005** -33.12 ± 6.11

.68 0.047* -32.77 ± 8.51

8.85 0.009** -40.18 ± 11.87

.56 0.997 -30.57 ± 15.67

92 0.263 -33.82 ± 8.69

.26 0.057 -27.63 ± 7.49

0.49 0.194 -37.44 ± 12.27

, recombinant human parathyroid hormone; ALN, alendronate; BALP, bone alkaline phospha
ented as means ± SD. *p<0.05, **p<0.01, ***p<0.001.
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conducted to compare the therapeutic effects of anabolic agents and

anti-resorptive agents in osteoporotic patients with T2DM. The

findings of this study indicated that rhPTH(1-34) could reverse the

low bone turnover observed in mice with T2DM, and indeed had a

better effect on improving BMD, BV/TV, trabecular number in

femoral trabecular bone, as well as BMD, BV/TV, trabecular

thickness in lumbar trabecular bone. As for osteoporotic patients

with T2DM, our results revealed that rhPTH(1-34) had a better

effect than ALN on aBMD improvement at the lumbar spine.

Notably, the effect of ALN on lumbar spine improvement in

osteoporotic patients with T2DM was even smaller than that in

patients with osteoporosis alone. The results above suggest that

rhPTH(1-34) may be a more beneficial treatment option for

patients with T2DM to treat osteoporosis. Additionally, it is

interesting to note that the CON mice showed a lack of response

to rhPTH, potentially due to their physiologically balanced bone

turnover and relatively high bone volume. As demonstrated by
Frontiers in Endocrinology 13
recent findings, mice with high baseline BV/TV exhibit a

diminished anabolic response to exogenous PTH (53). The

homeostatic balance of baseline bone turnover, near-peak

physiological bone formation capacity, and receptor saturation by

endogenous PTH may collectively attenuate the osteogenic effect of

exogenous PTH stimulation.
4.4 Study limitations and translational
relevance

This study still has some limitations. Specifically, the T2DM

mouse model utilized in this study did not fully replicate the normal

aBMD observed in patients with T2DM. Moreover, the clinical trial

was conducted as a single-center, small sample size, and open-label

study, which may have influenced the results. However, this study

further confirms the low bone turnover status in both mice and
FIGURE 7

rhPTH had a better effect on improving lumbar bone density in DOP patients. (A–C) Mean percentage change (%) of aBMD after treatment (n = 8–11
per group). * p<0.05, *** p<0.001. (D–G) Mean percentage change (%) of serum bone turnover marker concentrations after treatment (n = 8–11 per
group). # p<0.05, ## p<0.01, DOP+rhPTH compared to OP+rhPTH. ¶¶ p<0.01, DOP+ALN compared to OP+ALN. OP, patients with osteoporosis;
DOP, patients with type 2 diabetes and osteoporosis; rhPTH, recombinant human parathyroid hormone; ALN, alendronate; aBMD, areal bone
mineral density; BALP, bone alkaline phosphatase; P1NP, procollagen type I intact N-terminal; OC, osteocalcin; CTX, C-terminal cross-linking
telopeptide of type I collagen. Data are represented as means ± SD.
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patients with T2DM and this is the first study to compare the

efficacy of rhPTH(1-34) and ALN in the treatment of diabetic bone

disease in T2DM. Despite utilizing male mice in the animal

experiments and enrolling postmenopausal women in the clinical

trial, the concordant low bone turnover status observed in both

subjects ensures the significant clinical relevance of this

study’s findings.
5 Conclusion

In conclusion, compared to ALN, rhPTH(1-34) is more effective

in reversing low bone mass, impaired bone microstructure, and low

bone turnover levels in mice with T2DM. Additionally, rhPTH(1-

34) had a better effect than ALN on improving lumbar spine aBMD

in osteoporotic patients with T2DM. These findings suggest that

initiating treatment with rhPTH(1-34) may provide greater clinical

benefits to patients with diabetic bone disease characterized by low

bone turnover levels. However, further confirmation through

multicenter, prospective, randomized controlled clinical studies is

necessary to validate these results and to comprehensively compare

the fracture prevention effects of these two drugs.
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