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Abstract

Purpose To investigate the relationship between estimated glucose disposal rate (¢GDR) and bone turnover markers in
patients with type 2 diabetes mellitus (T2DM).

Materials and methods This is a cross-sectional study, which recruited 549 patients with T2DM. The eGDRs of patients
were calculated based on the presence of hypertension, glycated hemoglobin, and body mass index. All patients were
divided into high-eGDR group and low-eGDR group using the median of eGDR as the boundary. The patients were further
divided into two subgroups: males and postmenopausal females.

Results The lower the eGDR, the more severe was insulin resistance. The levels of osteocalcin (OC), type I collagen
carboxyl-terminal peptide (B-CTX), and type I procollagen amino-terminal peptide (PINP) were significantly lower in the
low-eGDR group than those in the high-eGDR group. The eGDR was positively correlated with OC, f-CTX, and PINP in
all patients, and in the male subgroups. In the postmenopausal female subgroup, there was no correlation between eGDR
and OC, B-CTX, or PINP. In addition, this positive correlation remained after adjusting for other factors in multilinear
regression analysis.

Conclusion Our study was the first to demonstrate that eGDR is positively correlated with bone turnover markers in patients
with T2DM. This correlation was observed among the male patients with T2DM but not among postmenopausal female
patients with T2DM.
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Introduction

Diabetes has reached pandemic proportions worldwide. The
International Diabetes Federation estimated that there are
approximately 425 million patients with diabetes worldwide,
including 115 million of those in China [1]. Type 2 diabetes
mellitus (T2DM) is the most common type of diabetes. It is
one of the most common chronic metabolic diseases affecting
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human health. Persistent hyperglycemia can cause various
complications, such as osteoporosis, diabetic retinopathy,
diabetic nephropathy, and coronary heart disease. The pri-
mary pathophysiology in T2DM patients is insulin resistance
(IR). All patients with T2DM have IR [2]. Identifying IR and
quantifying its severity is a challenge for clinicians. Cur-
rently, the hyperinsulinemic-euglycemic clamp is the stan-
dard for measuring IR [3]. However, it is invasive and
expensive, and unsuitable for large-scale clinical use.
Homeostasis model assessment of IR (HOMA-IR) is cur-
rently most commonly used in clinical practice to assess IR;
however, the use of exogenous insulin can cause some errors
in this index. Therefore, an estimated glucose disposal rate
(eGDR) has been developed to assess IR in patients with
diabetes, based on readily available clinical factors [4]. Pre-
viously, eGDR was used to assess IR in type 1 diabetes
mellitus (T1IDM). The low levels of eGDR are associated
with increased diabetic microvascular complications, mac-
rovascular complications, and increased mortality in patients
with TIDM [3, 5, 6]. Recently, Zabala et al. demonstrated
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that eGDR can also be used to assess IR in patients with
T2DM. Moreover, they observed that the low levels of eGDR
were associated with increased cardiovascular complications
and all-cause mortality in patients with T2DM [7, 8].

Patients with T2DM are highly susceptible to osteo-
porosis. Patient with T2DM have a normal or increased
bone mineral density (BMD) but are at an increased risk for
fractures [9]. Therefore, early markers are needed to identify
fracture risk in patients with T2DM. A meta-analysis
revealed an impairment of bone turnover in patients with
T2DM [10]. Bone turnover involves a complex process of
bone formation and resorption, which can be evaluated by
the presence of bone turnover markers (BTMs) in blood and
urine. The BTMs can identify fracture risk and osteoporosis
earlier than BMD.

Although there is a clear association between T2DM and
osteoporosis, their pathogenesis has not been elucidated.
Insulin receptors are present on the surface of both osteo-
blasts and osteoclasts; insulin can regulate their prolifera-
tion, survival, and differentiation [11, 12]. However, the
relationship between IR and bone turnover is unclear.
Therefore, we investigated the relationship between eGDR
and BTMs to explore whether eGDR can assess the risk of
osteoporosis in patients with T2DM.

Materials and methods
Study population

This was a hospital-based cross-sectional study, conducted
in the Department of Endocrinology, Hebei General Hos-
pital, from December 2018 to December 2019. Five hun-
dred forty-nine adult male and postmenopausal female
patients with T2DM complying with the WHO diagnostic
criteria for diabetes, 1999, were included. Patients with
acute complications of diabetes, pregnant or lactating
female patients, patients with hepatic or renal dysfunction or
malignant tumor, patients with diseases affecting bone
metabolism, and patients using drugs that could affect bone
metabolism, such as calcitriol, calcitonin, bisphosphonates,
RANKL inhibitors, anabolics, and selective estrogen
receptor modulators, and active vitamin D were excluded.
This study was approved by the Medical Ethics Committee
of the Hebei General Hospital, and an informed consent
form was signed by all patients before enrollment. This
study was conducted per the Declaration of Helsinki.

Patient demographics

All participants completed a recorded questionnaire for the
collection of basic information, including sex, age, duration

of diabetes, history of hypertension, etc. Height, weight,
systolic blood pressure, and diastolic blood pressure (DBP)
were measured twice by a professional, and the average
value was recorded.

Biomarkers

Blood samples were collected from the patients following
8 h of fasting. All blood biomarkers were determined in
the same laboratory. Alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total cholesterol (TC),
triglyceride (TG), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), serum creatinine (Scr), blood
urea nitrogen (BUN), uric acid (UA), fasting blood glu-
cose (FBG) were analyzed by professionals using a fully
automatic biochemical analyzer (Hitachi 7600, Japan).
Osteocalcin (OC), type I collagen carboxyl-terminal
peptide (P-CTX), type I procollagen amino-terminal
peptide (PINP), Vitamin D, and glycosylated hemoglo-
bin (HbAlc) were all determined by the laboratory phy-
sician using an electrochemical luminescence method
(Roche Cobase 601, Germany).

Calculation of parameters

Body mass index(BMI) = weight(kg) /height(m)?;

eGDR was calculated using a composite of BMI,
HbAlc, and hypertensive status using the following for-
mulae: eGDR = 19.02-[0.22 x BMI (kg/m?)] - (3.26 x
HTN)-(0.61 x HbAlc (%)], wherein HTN is hyperten-
sion (1 =yes, 0 =no) [8].

Statistical analysis

All analyses were conducted using the SPSS software
version 25.0. We tested the distribution normality using
the Kolmogorov—Smirnov test. Data that conformed to the
normal distribution were presented as mean + standard
deviation, and comparisons between groups were made
using Student’s t-test. Data that did not conform to the
normal distribution were presented as median (inter-
quartile range: 25-27), and comparisons between groups
were made using the Mann—Whitney U test. For catego-
rical variables, data were expressed as numbers (percen-
tages), and the y* test was used to compare groups.
Spearman or Pearson correlation analysis was used for
determining the correlation between eGDR and BTMs.
Multiple linear regression analysis was used to investigate
the independent correlation between eGDR and BTMs. A
P value <0.05 was considered statistically significant.
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Result
Clinical characteristics of all participants

For 549 patients with T2DM (352 males and 197 post-
menopausal females) included in this study, the mean age
was 59.32 years and the median duration of diabetes was
10 years. The mean eGDR level was 6.26, with 274 patients
in the low-eGDR group and 275 patients in the high-eGDR
group. The mean OC level was 11.80ng/mL, the mean
B-CTX level was 0.32 ng/mL, and the mean PINP level was
37.29 ng/mL.

Comparison of basic parameters between the low-
eGDR group and high-eGDR group

eGDR is an indicator of IR. The lower the eGDR level, the

more severe is the IR. The levels of OC, p-CTX, and PINP
were significantly lower in the low-eGDR group than those
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in the high-eGDR group (P <0.05). The difference in
BTMs between low- and high-eGDR groups is demon-
strated in Fig. la.

Compared to the high-eGDR group, the low-eGDR
group had higher TG, UA, FBG, and HbAlc levels and
lower vitamin D levels (P <0.05). The baseline anthropo-
metric and biochemical characteristics of the low- and high-
eGDR groups are presented in Table 1.

Comparison of basic parameters between the male
group and postmenopausal female group

Compared with the postmenopausal female group, the levels
of OC, - CTX, and PINP were lower in the male group (P <
0.05). The difference in BTMs between male and post-
menopausal female groups is presented in Fig. 1b.

The mean age, duration of diabetes, and levels of TC,
LDL, and HDL were lower in the male group than in the
postmenopausal female group (P <0.05). However, the
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I;;fatlrscgzaﬁ??hgflow_ Low eGDR (N =274) High eGDR (N = 275) P

eGDR and high-eGDR groups Gender Male (184, 67.15%) Male (167, 60.73%) 0.117
Age (years) 59.04 +13.38 59.61 +11.30 0.590
DM duration (years) 10.00 (3.00, 17.00) 10.00 (5.00, 15.00) 0.783
BMI (kg/m?) 26.86 +2.88 24.87 +3.06 <0.001%*
DBP (mmHg) 89.00 (79.00, 96.00) 76.60 + 8.55 <0.001*
SBP (mmHg) 147.00 (140.00, 168.00) 125.50 (116.75, 134.00) <0.001*
ALT (U/L) 18.30 (13.90, 26.60) 17.40 (13.95, 23.05) 0.289
AST (U/L) 19.00 (16.28, 24.53) 19.25 (16.28, 23.10) 0.374
TC (mmol/L) 470 (4.01, 5.44) 4.68+1.15 0.460
TG (mmol/L) 1.56 (1.07, 2.37) 1.34 (0.93, 1.91) <0.001*
LDL-C (mmol/L) 2.97 (2.23, 3.64) 2.77+1.06 0.226
HDL-C (mmol/L) 1.07 (0.92, 1.33) 1.11 (0.94, 1.36) 0.098
Scr (mmol/L) 70.90 (65.00, 82.80) 72.00 (63.67, 80.50) 0.134
BUN (mmol/L) 5.46 (4.59, 6.60) 5.40 (4.40, 6.35) 0.141
UA (mmol/L) 303.20 (250.28, 364.70) 290.90 (236.80, 343.36) 0.019%
FBG (mmol/L) 9.13 (7.13, 11.72) 7.64 (6.15, 10.04) <0.001*
HbAlc (%) 9.30 (7.98, 11.00) 8.40 (6.90, 9.60) <0.001*
Vitamin D (ng/mL) 16.16 (12.36, 20.69) 17.58 (13.43, 22.68) 0.024*
oC 11.57 +3.64 12.36 (10.00, 15.51) <0.001*
B-CTX 0.31 (0.22, 0.43) 0.35 (0.23, 0.46) 0.029%
PINP 35.51 (27.66, 45.52) 38.28 (29.16, 48.84) 0.042%
eGDR 4.61(3.56, 5.35) 8.10 (7.13, 9.04) <0.001*

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, ALT alanine
aminotransferase, AST aspartate aminotransferase, 7C total cholesterol, 7G triglyceride, LDL-C low-
density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, Scr scrum creatinine, BUN
blood urea nitrogen, UA uric acid, FBG fasting blood glucose, HbAIc glycated hemoglobin

*Denotes significance at a P value of <0.05

levels of DBP, ALT, Scr, BUN, UA, and vitamin D were
higher in the male subgroup compared with those in the
postmenopausal female subgroup (P <0.05). There was no
significant difference in eGDR and FBG between the two
groups (P>0.05). The baseline anthropometric and bio-
chemical characteristics of the male group and post-
menopausal female group are presented in Table 2.

Correlation analysis of eGDR and bone turnover
marker levels in patients with T2DM

eGDR was positively correlated with OC, B-CTX, and PINP
in all patients with T2DM and the male subgroup. However,
there was no correlation among them in the postmenopausal
female subgroup (Fig. 2).

Multivariate linear correlation analysis of eGDR and
BTMs in patients with T2DM

For all patients, eGDR was positively correlated with OC,
B-CTX, and PINP in the crude models 1 and 2 (adjusted for
age, duration of diabetes, and vitamin D) (Table 3).

eGDR was positively correlated with OC, p-CTX, and
PINP levels in male patients with T2DM, regardless of
whether an unadjusted or adjusted model was used
(Table 3).

In contrast, eGDR was not associated with OC, p-CTX,
and PINP levels in postmenopausal female patients with
T2DM, regardless of the model used (Table 3).

Discussion

T2DM and osteoporosis are public health concerns, which
require close attention in the aging society. With aging,
people become more susceptible to osteoporosis and dia-
betes, which further increases the risk of fracture. Therefore,
early markers are needed to clinically evaluate bone turn-
over and osteoporosis risk for early intervention.

eGDR is an indicator of IR that can be calculated based
on clinical factors. Our study revealed that among all
patients with T2DM, bone formation and resorption mar-
kers were reduced in the low-eGDR group. eGDR was
positively correlated with BTMs, and this correlation was
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Table 2 Comparison of

indicators between the male and
postmenopausal female groups

Male (N =351) Postmenopausal female (N = 198) P
Age (years) 57.21 +12.88 63.07 +10.45 <0.001*
DM duration (years) 10.00 (3.00, 15.00) 10.00 (5.00, 18.00) 0.042*
BMI (kg/m?) 25.99+3.16 25.64 +3.06 0.215
DBP (mmHg) 83.00 (76.00, 91.00) 79.00 (72.00, 88.00) 0.001*
SBP (mmHg) 136.00 (123.00, 150.00) 134.00 (121.00, 151.00) 0.471
ALT (U/L) 18.65 (14.30, 26.45) 16.55 (12.50, 21.55) 0.001*
AST (U/L) 19.10 (16.08, 23.90) 19.10 (15.68, 23.40) 0.311
TC (mmol/L) 4.56+1.33 4.96 (4.13, 5.88) <0.001*
TG (mmol/L) 1.45 (1.01, 2.16) 1.43 (1.00, 2.05) 0.666
LDL-C (mmol/L) 2.78(1.95, 3.37) 3.10x1.14 <0.001*
HDL-C (mmol/L) 1.04 (0.88, 1.29) 1.22 (1.04, 1.44) <0.001*
Scr (mmol/L) 77.04 (70.20, 84.60) 64.38 (57.89, 70.97) <0.001*
BUN (mmol/L) 5.53 (4.69, 6.59) 5.20 (4.20, 6.22) 0.006%*
UA (mmol/L) 313.75 (258.84, 373.76) 265.07 (224.25, 315.80) <0.001*
FBG (mmol/L) 8.21 (6.66, 10.86) 8.35 (6.62, 11.19) 0.626
HbAlc (%) 8.60 (7.30, 10.10) 8.80 (7.60, 10.80) 0.036%*
Vitamin D (ng/mL) 18.00 (14.08, 23.16) 14.87 (12.13, 19.50) <0.001*
oC 11.42 (9.13, 14.08) 13.10+4.07 <0.001*
B-CTX 0.30 (0.21, 0.43) 0.36 (0.24, 0.47) 0.003*
PINP 34.86 (27.22, 44.38) 41.25+13.29 <0.001*
eGDR 6.10(4.62, 7.89) 6.45 (4.52, 8.26) 0.338

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, ALT alanine
aminotransferase, AST aspartate aminotransferase, TC total cholesterol, TG triglyceride, LDL-C low-
density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, Scr scrum creatinine, BUN
blood urea nitrogen, UA uric acid, FBG fasting blood glucose, HbAIc glycated hemoglobin

*Denotes significance at a P value of <0.05

not affected by risk factors for osteoporosis, such as age,
disease duration, and vitamin D levels. In addition, the
correlation between eGDR and bone turnover was sex-
specific. eGDR positively correlated with BTMs in male
patients with T2DM albeit did not correlate with those in
postmenopausal female patients with T2DM. Conclusively,
this study suggests that IR is associated with low bone
turnover in patients with T2DM, especially in male patients
with T2DM, and low eGDR is a good indicator of impaired
bone turnover.

Bone is a dynamic tissue where osteoclasts resorb bone
tissue and are renewed by osteoblasts, which undergo a
self-balancing cycle of renewal and repair in coordination
with osteoclasts, osteoblasts, and osteocytes [13]. Insulin
can influence bone metabolism [14], and it has a critical
role in the regulation of skeletal development and bone
integrity. Insulin acts on insulin receptors on the surface
of osteoblasts and osteoclasts to regulate insulin signaling,
which is essential for cell proliferation, survival, and
differentiation [15, 16].

Insulin plays a crucial role in bone turnover, however,
the effect of IR on bone turnover is not yet definitively
established. Huang et al. observed that IR inhibited bone
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turnover in mice [17]. Currently, almost all analyses of the
correlation between IR and bone turnover in patients with
T2DM arise from observational studies and have con-
flicting results. Kunutsor et al. observed that HOMA-IR,
an indicator of IR, was negatively correlated with OC [18],
consistent with our findings. A similar result has been
observed in several studies [19-22]. However, Mori et al.
observed no correlation between OC and IR measured by
the hyperinsulinemic-euglycemic clamp in patients with
T2DM [23], and some studies have also reported no cor-
relation between OC and HOMA-IR [24-26]. Limited
studies have been conducted on the relationship between
IR, PINP, and B-CTX. Guo et al. reported that PINP and
B-CTX were negatively correlated with HOMA-IR [27].
However, Feldbrin et al. observed no correlation between
PINP and HOMA-IR [28].

In this study, eGDR was positively correlated with
bone turnover and was not affected by confounding fac-
tors. This study suggests that the lower the eGDR level,
the more severe will be the IR and the more impaired will
be the bone turnover. The mechanism is still unclear;
however, the following mechanisms may exist: First, in
IR there is impaired binding of insulin to its receptors and
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Table 3 Multivariate linear
correlation analysis of eGDR oc p-CTX PINP
and BTMs in patients B (95%CI) P B (95%CI) P B (95% CI) P
with T2DM
All patients
Model 1 0.335 (0.192, 0.477) <0.001* 0.007 (0.001, 0.013) 0.014* 0.841 (0.343, 1.339) 0.001*
Model 2 0.324 (0.180, 0.468) <0.001* 0.009 (0.003, 0.015) 0.003* 0.866 (0.361, 1.370) 0.001*
Male patients
Model 1 0.392 (0.222, 0.561) <0.001* 0.008 (0.001, 0.016) 0.033* 0.958 (0.332, 1.584) 0.003*
Model 2 0.399 (0.227, 0.572) <0.001* 0.111 (0.004, 0.019) 0.003* 1.048 (0.412, 1.684) 0.001*
Postmenopausal female patients
Model 1 0.221 0.081 0.006 0.178  0.489 0.238
(—0.027, 0.470) (—0.003, 0.016) (—0.327, 1.306)
Model 2 0.188 0.140 0.005 0.329 0.392 0.353

(—0.062, 0.438)

(=0.005, 0.014) (—0.438, 1.222)

Model 1: unadjusted; Model 2: adjusted for age, duration of diabetes, and vitamin D

impairment of distal insulin signaling pathways on the cell
surface [29-31]. Owing to IR, the expression of insulin
receptors on the surface of osteoblasts is downregulated,
the activity of osteoblasts is inhibited, and the survival
time of osteoblasts is shortened [32], resulting in impaired
bone formation. Bilotta et al. reported that IR can reduce
OC gene promoter activity during osteoblast differentia-
tion, negatively affecting OC gene expression and thus,
impairing bone formation [33].

Second, to overcome IR, pancreatic PB-cells initially
increase insulin secretion but are followed by relative
progressive hyposecretion resulting in hyperglycemia.
Hyperglycemia can directly damage osteoblasts and
inhibit osteoclast growth, mineralization, and expression
of osteocalcin [34, 35]. Persistent hyperglycemia can
reduce the viability of mesenchymal stem cells. In
addition, hyperglycemia can deplete or alter the differ-
entiation of mesenchymal stem cells into osteoblasts,
causing the inhibition of osteogenesis [36] and inducing
the production of advanced glycosylation products
(AGEs), which inhibit osteoblast differentiation and sti-
mulate apoptosis [37]. AGE-modified collagen fibers
affect the proliferation and function of osteoblasts and
osteoclasts. Hyperglycemia can also cause increased
production of reactive oxygen species, which inhibits the
osteoblast formation by suppressing the Runx2 gene,
causing low bone formation [38]. Glycosylated collagen
interacts with bone cells, which further fail to adhere to
collagen and produce a new matrix, ultimately causing
low bone turnover [39].

IR is a chronic inflammatory process. Ma et al. reported
that insulin-resistant individuals have more pro-
inflammatory cytokines than insulin-sensitive indivi-
duals, particularly interleukin-1, interleukin-6, and tumor
necrosis factor (TNF-a) [40]. These pro-inflammatory
cytokines can cause osteoblast dysfunction and inhibit the
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production of osteoblast alkaline phosphatase [41]. It can
cause impairment of bone turnover and a reduction in
bone strength. Baek et al. observed that TNF-a upregu-
lates sclerostin, which has an antianabolic effect on bone
formation [42, 43]. In addition, several studies have
reported that inflammatory factors can promote osteoclast
differentiation and increase osteoclast survival, thereby,
increasing bone resorption [40, 44]. However, our study
demonstrated that IR impairs bone resorption. The reason
for this contradictory result may be that IR causes bone
turnover in various ways.

The main mechanism of IR is ectopic lipid accumula-
tion in the liver and skeletal muscle, accompanied by
adipocyte dysfunction [45]. The patients with IR have
more visceral fat [13]. Bao et al. reported that visceral fat
was negatively correlated with OC in Chinese male
patients with T2DM [46]. Adipokines promote the differ-
entiation of mesenchymal stem cells into adipocytes,
inhibit the expression of intracellular osteogenic signals,
and ultimately reduce bone formation [47].

In addition, this study revealed that the level of BTMs,
age, and duration of disease was higher in the post-
menopausal female subgroup than in the male subgroup.
The eGDR was positively correlated with BTMs in male
patients with T2DM whereas there was no correlation
between eGDR and BTMs in postmenopausal female
patients with T2DM. To exclude the effects of age, dis-
ease duration, and vitamin D confounders, we performed
multiple linear analyses in the follow-up study. However,
the levels of eGDR still did not correlate with BTMs in
postmenopausal female patients with T2DM. This indi-
cates that the reason for the correlation between eGDR
and bone turnover was sex difference. This sex difference
may be secondary to the difference in levels of serum sex
hormones in the patients, which, however, were not
examined in this study.
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Testosterone is the most important androgen in adult males.
It plays a significant role in maintaining bone mass and anti-
osteoporosis. In adulthood, testosterone promotes bone for-
mation and inhibits bone resorption. Testosterone can be
converted to estradiol, which also plays a role in bone meta-
bolism. Bone tissue is an important target tissue for estrogen,
which can bind to the estrogen receptors on the surface of
bone tissue and regulate bone turnover through various
pathways. Estrogen can promote osteoblast proliferation, bone
formation, protein synthesis, and bone mineralization and
inhibit osteoblast apoptosis. In addition, it can inhibit osteo-
clast activity and promote osteoclast apoptosis [48].

Im et al. observed a negative correlation between OC and
HOMA-IR in postmenopausal female patients with T2DM
[49], consistent with the results of several other studies
[50, 51]. Consistent with our study, Zhou et al. observed no
correlation between OC and IR in postmenopausal female
patients with T2DM [52]. Currently, there are no studies on
the correlation between PINP, B-CTX, and IR in post-
menopausal female patients with T2DM. These conflicting
results may be owing to differences in study populations,
regions, and sex hormone levels. Therefore, large-scale
clinical data analysis and meta-analysis are needed to ana-
lyze the effects of IR on bone turnover among all sexes.

The strength of our study is that we are the first to
demonstrate a positive correlation between eGDR and
BTMs in patients with T2DM. The lower the level of
eGDR, the more impaired is the bone turnover. This study
suggested that eGDR is a good indicator for assessing bone
turnover and fracture risk in patients with T2DM, especially
male patients with T2DM. More importantly, the levels of
eGDR are simple and easy to measure and thus, can be
widely measured clinically.

This study has some limitations. First, it was a cross-
sectional study, and the causal relationship of positive
correlation between eGDR and BTMs could not be con-
firmed. Second, the duration of outdoor exercise and dietary
factors were not considered in this study. These should be
considered in future studies examining bone turnover. Last,
we did not examine the levels of serum sex hormones in this
study. It cannot be clarified whether the sex difference
between eGDR and bone turnover was caused by the dif-
ference in the levels of serum sex hormones.

Conclusively, we observed that eGDR was positively
correlated with BTMs, and this correlation was different
based on sex. It indicates that low eGDR is a significant
clinical indicator for identifying low bone turnover or
fracture risk in patients with T2DM, especially in male
patients with T2DM.
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