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Objective: Increasing evidence suggests that osteocalcin (OC), a marker of bone
formation, plays an important role in glucose homoeostasis. Few studies have
investigated the relationship between OC levels in gestational diabetes mellitus (GDM)
patients and their postpartum glucose metabolism. This study evaluated the relationship
between OC levels in late pregnancy, their longitudinal changes, and postpartum glucose
metabolism among GDM patients.

Measures: Serum OC was measured in late pregnancy and the postpartum period for
721 GDM patients. All patients underwent a 75-g oral glucose tolerance test (OGTT) at 6–
8 weeks postpartum. According to postpartum OGTT outcomes, patients were
categorized into abnormal glucose metabolism (AGM) (n=255) and normal glucose
tolerance (NGT) groups (n=466). Glucose metabolism-related indices were measured
and calculated. Logistic regression analysis and linear mixed-effects model were used to
assess the association between OC and postpartum AGM.

Results: In late pregnancy, OC levels were lower in the AGM group than in the NGT group
(13.93 ± 6.90 vs 15.33 ± 7.63 ng/ml, P=0.015). After delivery, OC levels increased in both
groups. However, OC levels remained lower in the AGM group than in the NGT group
(23.48 ± 7.84 vs 25.65 ± 8.37 ng/ml, P=0.001). Higher OC levels in late pregnancy were
associated with decreased risk of progressing to postpartum AGM (OR:0.96, 95%
CI:0.94–0.99). Linear mixed-effects analysis showed that postpartum AGM patients
exhibited consistently lower OC levels than NGT group from late pregnancy to the
postpartum period after adjustment for cofactors (b=-1.70, 95% CI: -2.78– -0.62).
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Conclusions: In GDM patients, consistently low levels of OC from late pregnancy
to postpartum were associated with increased postpartum AGM risk. The increase in
serum OC may act as a protective factor to curb the progression of AGM at postpartum
for GDM patients.
Keywords: osteocalcin, gestational diabetes mellitus, abnormal glucose metabolism, risk factors, postpartum
glucose metabolism
INTRODUCTION

Recently, bone has been identified as an endocrine organ
involved in energy metabolism through the secretion of
specific hormones (1, 2). Osteocalcin (OC), a small
noncollagenous protein of 49 amino acids that is exclusively
secreted by osteoblasts, participates in bone remodeling and
calcium homeostasis. OC has three g-carboxyglutamic acid
residues in the 17, 21 and 24 positions of its peptide chain,
which undergoes a posttranslational modification at the
glutamate residue to attain a higher affinity for hydroxyapatite
to integrate into the bone extracellular matrix (1, 3, 4). However,
the undercarboxylated form (ucOC), as a bioactivator released
into the circulation, may serve as a modulator of energy
metabolism. Since ucOC levels are difficult to measure, most
studies have focused on total OC (5–7).

Accumulating evidence shows that OC is vital in the cross-
talk between bone remodeling and energy metabolism. Extensive
animal studies have shown that OC stimulates insulin secretion
directly by exerting an effect on pancreatic b-cell and indirectly
via the secretion of glucagon-like peptide (GLP-1) by
enteroendocrine L cells leading to improved insulin sensitivity
(8, 9). In contrast, osteocalcin-deficient mice displayed decreased
b-cell proliferation, glucose intolerance, and insulin resistance
(10). To date, almost human studies have supported the findings
of animal studies. In humans, serum OC was reported to be
decreased in patients with type 2 diabetes compared to the levels
in nondiabetic controls; inversely associated with blood glucose
levels, HbA1c, BMI and insulin resistance; and positively associated
with insulin secretion and insulin sensitivity (7, 11, 12).

Gestational diabetes mellitus (GDM), defined as hyperglycemia
first recognized during pregnancy, is one of the most common
metabolic complications in pregnancy (13, 14). Although glucose
intolerance in many GDM patients usually reverts to normal after
delivery, these patients and their offspring face an increased lifetime
risk of developing type 2 diabetes mellitus (T2DM) and
cardiovascular diseases (CVD) in the future (15–17). As T2DM
can be prevented or delayed by intensive lifestyle or metformin
intervention (18, 19), it is suggested that GDM patients should be
routinely screened, which is beneficial for early intervention (20).

A few studies have previously assessed the contribution of
serum OC in this context. Higher OC concentrations in GDM
patients than in euglycemic pregnant women and a positive
association between OC and insulin resistance parameters
during pregnancy had been reported (21–23), and these
findings are in contrast to what has been observed in the
context of diabetes. A possible explanation for the opposite
n.org 2
results in GDM could be an early adaption to impaired
glucose tolerance.

Although a few studies have explored the effects of OC on
glucose metabolism in GDM patients, the role of OC levels in the
postpartum glucose metabolism of GDM is unclear. Therefore,
we studied 721 GDM patients and evaluated OC levels both in
late pregnancy and postpartum. The associations of OC levels
and their longitudinal trajectory changes with postpartum
glucose metabolism of GDM were explored in our study.
MATERIALS AND METHODS

Patient Population
This retrospective study was performed at the Department of
Endocrinology and Metabolism of Shanghai General Hospital
from December 2015 to December 2020. Pregnant women
underwent a 75-g OGTT test at 24-28 weeks of gestation and
the International Association of Diabetes and Pregnancy Study
Groups (IADPSG) criteria was used for the diagnosis of GDM
(24): fasting plasma glucose (FPG) value ≥5.1 mmol/L and/or 1-
h postprandial glucose (1h-PG) value ≥10.0 mmol/L and/or 2-h
postprandial glucose (2h-PG) value ≥8.5 mmol/L. After delivery,
all individuals with GDM were invited to undergo a 75-g OGTT
test again at 6–8 weeks postpartum. Subjects with a history of
diabetes mellitus (DM) or impaired fasting glucose (IFG) and/or
impaired glucose tolerance (IGT) before pregnancy or lack of OC
either in late gestation or at postpartum were excluded. Finally, a
total of 721 subjects were included in this study.

Subjects were categorized into two groups according to 75-g
OGTT results at 6–8 weeks postpartum based on 1999 WHO
criteria (25): 1. Abnormal glucose metabolism (AGM) group:
IFG (6.1 mmol/L ≤ FPG <7.0 mmol/L and 2h-PG <7.8 mmol/L)
or IGT (FPG < 7.0 mmol/L and 7.8 mmol/L ≤ 2h-PG <11.1
mmol/L) or DM (FPG ≥7.0 mmol/L or/and 2h-PG ≥11.1 mmol/
L); 2. Normal glucose tolerance (NGT) group: FPG <6.1 mmol/L
and 2h-PG <7.8 mmol/L.

This study was approved by the institutional ethics committee
of Shanghai General Hospital.
Study Protocol and Methods
Clinical data including age at present pregnancy, family history
of diabetes, parity, pregestational body mass index (pre-BMI),
BMI at 6–8 weeks postpartum, OC levels and other clinical
indexes of glucose and lipid metabolism were recorded. BMI was
calculated as the weight in kilograms divided by the square of the
March 2022 | Volume 13 | Article 803624
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height in meters (kg/m2). Homeostasis model assessment was
used to estimate insulin resistance (HOMA-IR) which was
defined as [fasting insulin (mU/ml) * fasting glucose (mmol/l)]/
22.5, and HOMA of b-cell (HOMA-b) index was used to assess
b-cell function, which was calculated as [20*fasting insulin (mU/
ml)]/[fasting glucose (mmol/l) – 3.5].

All blood samples were obtained in the morning after an
overnight fast of 8–10 h. In our study, we used N-terminal mid-
fragment of OC (N-MID OC), the largest proteolytic fragment
with a relatively long half-life, to reflect serum OC levels (26). N-
MID OC was measured using electrochemiluminescent
immunoanalysis (Roche Cobas e601, Germany). HbA1c was
measured with an autoanalyzer (Lifotronic H8, Japan). Serum
insulin was measured using an automated chemiluminescence
systems (Abbott i2000, United States). Serum glucose and lipid
profiles including serum total cholesterol (TC), triglycerides
(TGs), high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C), were measured with an
automatic biochemistry analyzer (Siemens ADVIA2400,
Germany). During the study period, instruments or testing
methodologies unchanged.
Statistical Analysis
Data are presented as the mean ± standard deviation (SD) or
median (interquartile range, 25–75%) for continuous variables
and proportion for categorical variables, respectively. Normally
distributed continuous variables were compared by Student’s t
test, while nonnormally distributed continuous variables were
analyzed by the Mann-Whitney U test. Categorical variables
were analyzed byc2 test. The log-transformed levels of HOMA-b
were parameterized as a continuous variable. The Pearson
correlation coefficients were calculated to assess the strength of
the correlation of OC in late gestation and glucose related
indicators, insulin resistance and b-cell function. Multivariate
linear regression was performed to determine the associations
between OC levels and insulin resistance, and b-cell function.

Multiple logistic regression models were used to calculate the
odds ratio (OR) and 95% CIs for the risk of postpartum AGM for
OC levels in late gestation. A priori selection of conventional
postpartum AGM risk factors, including age, postpartum BMI,
parity, family history of diabetes and HbA1c in late pregnancy,
was assessed at study enrollment. A linear mixed-effects model
was performed to compare the longitudinal trajectories of OC in
late gestation and postpartum in individuals with different
postpartum glucose status according to 75-g OGTT results by
using restricted maximum likelihood estimation. The model
included serum OC in late pregnancy and postpartum, groups
of different postpartum OGTT outcomes and time in late
pregnancy and at postpartum. OC levels were adjusted for
maternal age, prepregnancy BMI, family history of diabetes,
parity and HbA1c in late gestation via covariate adjustment
(fixed effects in the mixed model).

All statistical analyses were performed using SPSS version 26
(IBM Corp., Armonk, NY), and a P value<0.05 was considered
statistically significant.
Frontiers in Endocrinology | www.frontiersin.org 3
RESULTS

The mean age in the cohort was 31.98 ± 4.4 years. All GDM
patients received lifestyle modification and 174 (24%) women
received additionally insulin therapy during pregnancy.
According to the results of the postpartum OGTT, 255
individuals were diagnosed with AGM, of whom 221 had IFG
and/or IGT and 34 had diabetes. The remaining 466 women had
normal glucose tolerance.

The baseline characteristics of the GDM subjects stratified by
the outcomes of postpartum 75-g OGTT were shown in Table 1.
Compared with the NGT group, subjects in the AGM group were
older and had higher BMI and HbA1c both before and after
delivery. Meanwhile, postpartum FBG, 2h-PG, 2h-INS, TC, TGs
and LDL-C were significantly higher in the AGM group. Indices
of insulin resistance (HOMA-IR) indicated that postpartum
AGM women were more insulin resistant than NGT women.
The OC levels of the AGM group were lower both in late
pregnancy (NGT vs AGM: 15.33 ± 7.63 ng/ml vs 13.93 ± 6.90
ng/ml, P=0.015) and postpartum (NGT vs AGM: 25.65 ± 8.37
ng/ml vs 23.48 ± 7.84 ng/ml, P=0.001) (Table 1).

The correlation analysis showed that OC levels were
positively associated with postpartum FINS (r=0.109, P=0.003),
HOMA-IR (r=0.098, P=0.008) and lg (HOMA-b) (r=0.132,
P<0.001) (Figure 1), but had no relationship with postpartum
FBG and HbA1c (data not shown). In order to further explore
the relationship between OC levels and insulin resistance and b-
cell function, multivariate linear regression was used. We found
that lg (HOMA-b) was positively associated with OC levels after
adjusted for age, postpartum BMI, parity, family history of
diabetes and HbA1c in late pregnancy (b=0.003, P=0.015),
while HOMA-IR was not associated with OC after adjusted
covariates above (b=0.002, P=0.783).

Logistic regression analysis revealed that the risk of
developing AGM at postpartum was decreased by 3% after
adjusting for age and parity (OR=0.97, 95%CI: 0.95-0.99). This
association remained significant after further adjustment for
postpartum BMI, family history of diabetes and HbA1c in late
pregnancy (OR=0.96, 95%CI: 0.94-0.99) (Table 2).

OC levels increased significantly after delivery in both the
NGT (from 15.33 ± 7.63 in late gestation to 25.65 ± 8.37 at
postpartum, P<0.001) and AGM (from 13.93 ± 6.90 in late
gestation to 23.49 ± 7.84 at postpartum, P<0.001) groups
(Figure 2). Meanwhile, the linear mixed-effects model showed
that the OC levels from late pregnancy to postpartum were
consistently lower in AGM group than in NGT group, adjusted
for parity, age, time points (late pregnancy and postpartum), pre-
pregnancy BMI, HbA1c and family history of diabetes (b=-1.70,
95% CI: -2.78– -0.62) (Supplementary Table 1).
DISCUSSION

In the current study, we investigated the association between
serum OC levels and the postpartum glucose metabolism of
GDM. We found that low serum OC in late pregnancy was
March 2022 | Volume 13 | Article 803624
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associated with increased risk of developing postpartum AGM.
After delivery OC levels increased significantly in both groups,
however, the OC levels were consistently low from late
pregnancy to postpartum in the AGM group than in the NGT
Frontiers in Endocrinology | www.frontiersin.org 4
group. To the best of our knowledge, this is the first study
exploring the relationship between longitudinal changes in OC
and the postpartum glucose metabolism of GDM.

In animal and clinical investigations, OC, a traditional bone
formation marker, has been found to participate in the regulation
of glucose metabolism. Some evidence from animal studies
suggested that higher OC concentrations are protective against
diet-induced obesity and type 2 diabetes. Mice lacking the Esp
gene, which encoded osteotesticular protein tyrosine
phosphatase (OST-PTP), a receptor-like protein that inhibited
the bioactivity of osteocalcin, exhibited hypoglycemia and were
protected from glucose intolerance due to increases in pancreatic
b-cell proliferation, insulin secretion and insulin sensitivity (10).
In contrast, Osteocalcin- knockout mice had the opposite
phenotypes, namely glucose intolerance and obesity (10). On
TABLE 1 | Characteristics and metabolic parameters of GDM women with different glucose outcomes according to the 75-g OGTT at 6–8 weeks postpartum.

75-g OGTT results at 6–8 weeks postpartum P value

NGT (n=466) AGM (n=255)

Age (years) 31.62 ± 4.17 32.64 ± 4.74 0.004
Family history of diabetes 101 (21.7%) 52 (20.6%) 0.715
Primiparity 245 (53.0%) 128 (50.6%) 0.533
Pre-BMI (kg/m2) 22.50 ± 3.43 23.25 ± 3.56 0.006
Postpartum BMI (kg/m2) 23.72 ± 3.21 24.22 ± 3.32 0.046
HbA1c in late pregnancy (%) 5.45 ± 0.44 5.56 ± 0.51 0.005
OC level in late pregnancy (ng/ml) 15.33 ± 7.63 13.93 ± 6.90 0.015
Laboratory values at postpartum
FBG (mmol/L) 4.91 ± 0.52 5.24 ± 0.85 <0.001
2h-PG (mmol/L) 6.33 ± 0.90 9.20 ± 1.52 <0.001
TCH (mmol/L) 5.30 ± 0.96 5.48 ± 0.95 0.017
TGs (mmol/L) 1.19 ± 0.78 1.37 ± 0.97 0.01
HDL-C (mmol/L) 1.49 ± 0.38 1.47 ± 0.34 0.535
LDL-C (mmol/L) 3.01 ± 0.81 3.15 ± 0.85 0.027
FINS (mU/L) 6.65 ± 4.30 7.33 ± 4.90 0.064
2h-INS (mU/L) 22.44 (15.47, 32.85) 37.96 (24.47, 56.64) <0.001
HOMA-IR 1.47 ± 1.00 1.77 ± 1.35 0.002
HOMA-b 84.48 (57.47, 130.43) 78.29 (53.54, 115.03) 0.070
HbA1c (%) 5.36 ± 0.43 5.55 ± 0.52 <0.001
OC at postpartum (ng/ml) 25.65 ± 8.37 23.48 ± 7.84 0.001
March 2022 | Volume 13 | Article
Data are presented as the mean ± SD, median (interquartile range), or n (%) as appropriate.
OGTT, oral glucose tolerance test; NGT, normal glucose tolerance; AGM, abnormal glucose metabolism; Pre-BMI, body mass index before pregnancy; HbA1c, glycated haemoglobin;
OC, osteocalcin; FBG, fasting blood glucose; 2h-PG, 2-h postprandial glucose; TCH, total cholesterol; TGs, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; FINS, fasting insulin; 2h-INS, 2-h postprandial insulin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-b, homeostasis model assessment
of beta-cell function.
A B C

FIGURE 1 | Simple correlations between late pregnancy OC and postpartum FINS, HOMA-IR, and lg (HOMA-b). Serum OC in late pregnancy was positively
associated with FINS (A), HOMA-IR (B) and lg (HOMA-b) (C).
TABLE 2 | Logistic regression analysis showing the association between OC in
late pregnancy and postpartum AGM.

Factors OR 95%CI P value

Age (years) 1.05 1.01-1.1 0.018
Postpartum BMI (kg/m2) 1.04 0.99-1.1 0.126
Family history of diabetes: no (reference) 0.89 0.6-1.33 0.573
Parity: 1 (reference) 0.80 0.55-1.16 0.243
OC level in late pregnancy (ng/ml) 0.96 0.94-0.99 0.004
HbA1c in late pregnancy (%) 1.61 1.11-2.34 0.012
BMI, body mass index; OC, osteocalcin; HbA1c, glycated haemoglobin.
803624
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the other hand, infusion via subcutaneous minipump or daily
injections or oral administration of recombinant OC significantly
improved glucose tolerance and insulin sensitivity in mice fed a
normal diet, which was possibly attributed to an increase in both b-
cell mass and insulin secretion (27–29). In addition, OC stimulates
pancreatic b-cell proliferation in cultured human islets (30). In
accordance with previous animal studies, two meta-analyses
confirmed that lower OC levels were observed in patients with
type 2 diabetes than in normal controls (7, 31) and acknowledged
that OCwas negatively associated with fasting plasma glucose levels,
HbA1c, insulin resistance and body mass index (BMI) but positively
correlated with improved glycemic control, weight loss and regular
exercise (11, 12).

Pregnancy itself was an insulin-resistant physiological state,
and by the end of pregnancy, insulin sensitivity decreased by
roughly 50% (32). To maintain euglycemia, insulin secretion
increased 3 to 3.5-fold to protect against insulin resistance (33).
After delivery, women’s insulin sensitivity increased rapidly by
120% compared with that during late pregnancy. However,
women with previous GDM remained in a state of chronic
inflammation and insulin sensitivity did not significantly
improve (34). In the long run, individuals with a history of
GDM seemed to have an approximately 10 times higher risk of
developing T2DM than those with NGT during pregnancy (35).
An increasing number of studies have explored the role of OC in
GDM previously, but many of them focused on the difference in
OC levels between GDM patients and normal controls (21, 23).
There were limited studies on the relationship between OC
changes and postpartum glucose metabolism in GDM patients.

Winhofer et al. (21) found that OC levels increased in all
women at 12 weeks postpartum, which was confirmed in
Frontiers in Endocrinology | www.frontiersin.org 5
Saucedo et al. research (36). However, fewer than 100 women
with GDM underwent postpartum follow-up in their studies. In
our study, we included more than 700 GDM patients. We found
a 35.4% incidence of AGM; among the individuals with AGM,
13.3% were diagnosed with diabetes at 6–8 weeks postpartum.
Consistent with the previous research by Saucedo et al. (36), our
study showed that in the GDM group, subjects who progressed to
AGM at postpartum had lower OC concentrations than
individuals in the NGT group. Furthermore, we found that the
OC levels from late pregnancy to postpartum were consistently
lower in AGM group than in NGT group. Considering that OC
can stimulate insulin secretion and has been shown to have a
beneficial effect on glucose metabolism in animal and human
studies, we speculated that the consistently lower levels in OC in
the postpartum AGM group was an insufficient compensation
for insulin resistance.

To test this hypothesis, we conducted simple correlations and
found that serum OC was positively related with HOMA-b and
the positive association was still robust after adjusting for age,
postpartum BMI, parity, family history of diabetes and HbA1c in
late pregnancy. Multivariate regression models further revealed
that the risk of progressing to postpartum AGM decreased by
3.6% with per 1ng/ml increment of serum OC in late pregnancy
(OR:0.964, 95%CI:0.940-0.988). Therefore, it is likely that in
GDM patients, OC increases as a protective compensation
mechanism to stimulate insulin secretion to cope with
increased insulin demand and to further prevent developing
of AGM.

There are several limitations in our study. First, we measured
only the N-MID OC not ucOC, the bioactive form of OC, which
is difficult to measure (37, 38). However, N-MID OC is the most
A B

FIGURE 2 | (A) The distributions of OC levels at late pregnancy and postpartum in the NGT and AGM group. (B) Longitudinal change in OC levels in postpartum
AGM individuals (orange line) and NGT individuals (blue line), adjusted for maternal age, parity, family history of DM, pre-BMI, and HbA1c in late pregnancy.
March 2022 | Volume 13 | Article 803624
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stable form of OC in serum (26). Second, we observed the
relationship between OC and postpartum AGM in only a short
period. Therefore, it is necessary to conduct prospective and
mechanistic studies in the future.

In conclusion, consistently low levels of osteocalcin from late
pregnancy to postpartum in GDM patients were at high risk of
postpartum AGM. Increasing serum OC levels may become a
potential preventive indicator to curb the progression to
postpartum IFG/IGT or even T2DM.
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