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Objective: To describe the metabolic characteristics of gestational diabetes mellitus (GDM) and assess their effects on perinatal
outcomes.

Methods: A two-center nested case—control study was designed, including 192 pregnant women with GDM and 191 pregnant women
with normal glucose tolerance (NGT). Serum glucose and insulin concentrations based upon the 75 g oral glucose tolerance test
(OGTT) were measured. Several indices were calculated to describe the metabolic characteristics of the subjects. The relationship
between glucose metabolism parameters and pregnancy outcomes was evaluated using stepwise linear regression and binary logistic
regression.

Results: Compared with the NGT group, the GDM group showed significantly higher fasting and postprandial glucose parameters but
significantly lower fasting and postprandial insulin responses. Meanwhile, the GDM group had significantly lower HOMA-B, DI and
[SIyatsuga but comparable HOMA-IR. The IFG subgroup showed significantly lower FINS/FPG only, while the IGT and IFSG
subgroups showed deficiency in both fasting and postprandial insulin response. The IFSG subgroup had the highest glucose parameters
and the lowest insulin parameters, as well as significantly lower [SIyasuqa and HOMA-B than the NGT group. FPG had a significant
effect on infants’ birth weight, and 1hPG and FINS/FPG had a significant effect on delivery gestational age. AUC-INS, IGl¢, and DI
were related to premature delivery risk after adjusting for confounders. The IFG subgroup of GDM was 2.319 times more likely to be
subject to cesarean section than the NGT group. FPG, FINS/FPG, AUC-GLU, AUC-INS/AUC-GLU and HOMA-B were related to
macrosomia risk.

Conclusion: Beta cell dysfunction rather than insulin resistance determines the occurrence of GDM in the central Chinese population.
Women with predominant insulin secretion defects had a similar risk of adverse perinatal outcomes to women with NGT. Our study
provided a basis for the selection of glucose metabolism monitoring indicators useful for the prevention of adverse perinatal
outcomes.
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Introduction

Pregnancy is a complicated physiological process. The endocrine system and metabolism of pregnant women undergo
great changes to meet the growth and nutritional needs of the fetus, especially insulin secretion and glucose metabolism.'
Gestational diabetes mellitus (GDM) is a group of clinical syndromes characterized by hyperglycemia caused by relative
and/or absolute insufficiency of insulin due to hormonal changes, chronic low-grade inflammation, weight gain, and
changes in eating habits during pregnancy.>’ GDM is the most common endocrine disease in women during pregnancy,
affecting 14% of pregnant women worldwide® and leading to short- and long-term adverse outcomes for the mother and
their offspring,” such as future development of obesity, metabolic syndrome (MetS), type 2 diabetes mellitus (T2DM)

and cardiovascular disease (CVD) for both the mother and the offspring.'®'*
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Although insulin resistance and islet  cell dysfunction are generally believed to affect glucose homeostasis and ultimately
lead to the development of GDM, ' the relative contributions of B cell function and insulin sensitivity in the pathogenesis of GDM
are ambiguous, and which of the two is the primary defect is much debated. Several studies suggested that impaired insulin
sensitivity was a main factor for GDM,'®!” whereas others indicated that decreased B cell function was a predominant defect in the
development of GDM,'® especially in lean GDM subjects.'® These inconsistent results might be attributable to different
populations. However, to our knowledge, data about the Chinese population are sorely lacking, especially in central China.

Moreover, the pathogenesis of GDM seems to be different in individuals exhibiting discrepant glucose metabolism
characteristics.'”2?' Some pregnant women showed only elevated fasting blood glucose but normal postprandial blood
glucose, and some showed the opposite, while others showed both abnormal fasting and postprandial blood glucose.'®**
Moreover, different metabolic phenotypes and mechanisms seem to be associated with different pregnancy outcomes. In
this study, we compared insulin and glucose metabolism parameters of pregnant women with GDM and normal glucose
tolerance (NGT), aiming to describe the endocrine and glucose metabolism characteristics of pregnant women with GDM
and to explore the relationship of these characteristics with pregnancy outcomes.

Materials and Methods
Study Design and Participants

This was a two-center nested case—control study of 383 subjects from the Jingzhou maternal and child health cohort.
Pregnant women who were registered and willing to undergo routine pregnancy check-ups at Jingzhou Hospital
Affiliated to Yangtze University and Gongan County Maternal and Child Health Care Hospital in Hubei Province of
China from April 2021 to December 2021 were recruited into the cohort on the day of the first pregnancy check-up.
According to the guidelines of the International Association of Diabetes and Pregnancy Study Groups (IADPSG), GDM
was diagnosed when any one of the following conditions were met: fasting plasma glucose (FPG) > 5.1 mmol/L, 1-hour
plasma glucose (1hPG) > 10.0 mmol/L, or 2-hour plasma glucose (2hPG) > 8.5 mmol/L. A total of 208 pregnant women
who met the above diagnostic criteria in the cohort were included in the case group (GDM group). A total of 208 age-,
basal BMI-, hospital- and gestational age at serum sampling-matched NGT individuals in the cohort were selected as
controls (NGT group) at a frequency of 1:1. Among the 208 GDM and 208 NGT individuals, subjects who met the
following criteria were excluded: (1) had other types of diabetes; (2) had heart, liver or kidney disease, hypertension,
thyroid dysfunction, polycystic ovary syndrome or any other pregnancy complications; (3) had taken drugs affecting
glucose metabolism during pregnancy; (4) had twin or multiple pregnancies; (5) conceived by assisted reproduction
technology; and (6) had pregnancy outcomes that could not be followed. Finally, a total of 383 subjects (192 patients and
191 controls) were included in our study. According to the different metabolic phenotypes of GDM cases, the GDM
group was further classified into three subgroups: (1) impaired fasting glucose (IFG): with normal 1hPG and 2hPG values
but abnormal FPG; (2) impaired glucose tolerance (IGT): with excessive 1hPG or 2hPG values but normal FPG; and (3)
impaired fasting and stimulated glucose (IFSG): with both abnormal FPG and 1hPG or 2hPG values.

Two-milliliter serum samples based on 75 g OGTT were collected and stored at —80°C for insulin measurement. OGTT was
performed on all 383 subjects, among which insulin levels were measured only in 209 subjects (104 patients and 105 controls).

Laboratory Measurements
The 75 g OGTT-based FPG, 1hPG and 2hPG were measured by the glucose oxidase method on AU680 and AUS5800 biochemical
analyzers (Beckman Coulter, America). OGTT-based fasting insulin (FINS), 1-hour insulin (1hINS) and 2-hour insulin (2hINS)
were measured by enzyme-linked immunosorbent assay (ELISA) using the Insulin ELISA BS-0783 (Bensheng, China).

The department of Laboratory Medicine of both hospitals participated in External Quality Assessment (EQA) to
ensure the accuracy of glucose test results and inter-laboratory comparison of Internal Quality Control (IQC) to ensure
the consistency of glucose values organized by Hubei Center for Clinical Laboratory. Standard curves were protracted for

each batch of insulin measurement with the correlation coefficient r exceeding 0.99.
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Estimation of Insulin Resistance and § Cell Function

Among the many indices used for assessing insulin sensitivity/resistance and B cell function, we considered both indicators
based on the homoeostasis model (fasting state) and dynamic indicators based on the 75 g OGTT. The homoeostasis model
assessment of insulin resistance (HOMA-IR) and the Matsuda insulin sensitivity index (ISIyjasudga) Were used to measure
insulin sensitivity/resistance, while the homoeostasis model assessment of B cell function (HOMA-B), 60 min insulinogenic
index (IGlgo) and OGTT-derived disposition index (DI) were calculated to assess f cell function. FPG, 1hPG, and 2hPG and
FINS, 1hINS, and 2hINS were the most direct evidence of insulin resistance and 3 cell function. The area under the insulin
curve (AUC-INS) reflects the total amount of insulin secreted during the OGTT. Moreover, FINS/FPG, 1hINS/1hPG, 2hINS/
2hPG and the ratio of the total area under the insulin curve to the area under the glucose curve (AUC-INS/AUC-GLU) were
calculated to adjust the stimulating effect of blood glucose on insulin secretion. HOMA-IR was calculated as (FPGX FINS)/
22.5, and HOMA-B was calculated as 20xFINS/(FPG-3.5); ISIyiasusa Was calculated as 10000/[(FPGXFINS)"-
(GLUmeanxINSmean)'?] using fasting, 1-hour, and 2-hour values of 75 g OGTT. 1Glg, was calculated as (1hINS-FINS)
/(1hPG-FPG), and DI was estimated by multiplying 1Glgy with ISIyjasuda to reflect B cell function adjusting for insulin
sensitivity.'” AUC-GLU was calculated as 0.5xFPG+1hPG+0.5x2hPG, and AUC-INS was calculated as 0.5xFINS+1hINS
+0.5%2hINS. Insulin levels were measured in pU/mL, and glucose levels were measured in mmol/L.

Definition

Preterm delivery: delivery between 28 and 37 weeks of gestation. Postpartum hemorrhage: for vaginal delivery, the
bleeding volume exceeded 500 mL within 24 hours after delivery of the fetus; for cesarean section, the bleeding volume
exceeded 1000 mL. Macrosomia: the birth weight of the newborn > 4000 g. Infant health: infants with no complications
at birth are assessed as good; infants with nonlife-threatening complications are assessed as average; and infants with

life-threatening complications are assessed as poor.

Ethical Approval

Ethics approvals were obtained by the ethics committees of Jingzhou Hospital Affiliated to Yangtze University and
Gongan County Maternal and Child Health Care Hospital. This study followed the principles of the Declaration of
Helsinki. The women who participated in the study provided informed consent.

Statistical Analysis

Normally distributed data are presented as the mean = SD. Nonnormally distributed data are displayed as the median
(interquartile range). Normality of distribution for continuous variables was tested by the Kolmogorov—Smirnov test, and
the Levene test was used for homogeneity of variance test. Two-sample #-test for continuous variables conforming to
normal distribution, Mann—Whitney U-test for continuous variables with nonnormal distribution and Chi-square test or
Mann—Whitney U-test for categorical variables were used to evaluate the difference in means and proportions between
case and control group. ANOVA and Kruskal-Wallis tests were used for subgroup analyses. Multiple comparisons were
conducted by Bonferroni test. Stepwise linear regression and binary logistic regression were used to analyze the
relationship between glucose metabolism parameters and pregnancy outcomes. For pregnancy outcome variables that
were continuous variables, stepwise linear regression analyses were performed. For pregnancy outcome variables that
were categorical, univariate binary logistic regression was used to screen out risk factors for pregnancy outcomes from
glucose metabolism parameters (FPG, 1hPG, 2hPG, FINS, 1hINS, 2hINS, AUC-GLU, AUC-INS, AUC-INS/AUC-GLU,
[STvatsuda, HOMA-IR, HOMA-B, 1Gl4,, DI), demographic variables (age, weight, height, BMI, occupation, education,
permanent address and the nature of household registration) and clinical characteristic variables (systolic blood pressure,
diastolic blood pressure, gravidity and parity). Furthermore, demographic variables and clinical characteristic variables
related to pregnancy outcomes were regarded as confounders to adjust for glucose metabolism parameters related to
pregnancy outcomes using multivariate binary logistic regression. p< 0.05 was accepted as statistically significant.
Analyses were performed with SPSS 25.0 software.
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Results

Baseline Characteristics of Participants

To minimize the influence of confounding factors as much as possible, we matched the GDM and NGT groups according to age,
basal BMI, hospital and gestational age at serum sampling to keep the baseline characteristics of the two groups as consistent as
possible. As shown in Table 1, there was no significant difference in maternal age, height, prepregnancy weight, prepregnancy
BMI, diastolic blood pressure and gestational age at enrollment between the two groups. There was also no significant difference
in the composition ratio of occupation, education level, household registration address and nature, gravidity and parity between the
two groups. However, systolic blood pressure in the GDM group was significantly higher than that in the NGT group at the first
trimester of pregnancy (p=0.008), although it did not meet the diagnostic criteria for gestational hypertension.

Metabolic Characteristics of Subjects
Figure 1 shows the metabolic characteristics of the NGT and GDM groups. Compared with the NGT group, the GDM
group showed significantly higher fasting and postprandial glucose parameters (FPG, 1hPG, 2hPG and AUC-GLU)

Table | Baseline Characteristics of the Study Population

Variables NGT Group | GDM Group P
(n=191) (n=192)

Age (year) 29.62+3.79 29.91+4.12 0.484

Height (cm) 160.49+5.08 160.20+4.63 0.561

Prepregnancy weight (kg) 58.47+9.61 58.55+9.77 0.937

Prepregnancy BMI (kg/m?) 22.68+3.47 22.79+3.57 0.748

Systolic blood pressure (mmHg) 109.97+9.81 112.80+10.98 0.008

Diastolic blood pressure (mmHg) 71.39+8.07 71.51%9.19 0.894

Gestational age at enrollment (week) 11.98+4.10 11.53£3.13 0.237

Occupation 0.165
Staff of administrative, enterprise or institution 121(63.3%) 112(58.3%)

Freelancer 37(19.4%) 37(19.3%)
Other practitioner 4(2.1%) 11(5.7%)
Not stated 29(15.2%) 32(16.7%)

Education 0.426

Primary school 1(0.5%) 1(0.5%)
Junior middle school 13(6.8%) 17(8.9%)
High school or technical school 115(60.2%) 116(60.4%)
College or above 36(18.8%) 24(12.5%)

Not stated 26(13.6%) 34(17.7%)

Permanent address 1.000
Local household registration 188(98.4%) 189(98.4%)

Non-local household registration 3(1.6%) 3(1.6%)

The nature of household registration 0.373
Agriculture 178(93.2%) 183(95.3%)
Non-agricultural 13(6.8%) 9(4.7%)

Gravidity 0.682
[ 67(35.1%) 71(37.0%)

24 110(57.6%) 108(56.3%)
25 14(7.3%) 13(6.8%)

Parity 0.110
0 92(48.2%) 109(56.8%)

[ 92(48.2%) 76(39.6%)
22 7(3.7%) 7(3.6%)

Notes: The p values were calculated using Two-sample t-test, Chi-square test or Mann—-Whitney U-test according
to the type of variables. Variables with statistical significance are shown in boldface.
Abbreviations: GDM, gestational diabetes mellitus; NGT, normal glucose tolerance; BMI, body mass index.
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(Figure 1A and D), as well as significantly lower fasting and postprandial insulin responses (FINS, FINS/FPG, 1hINS/
1hPG, 2hINS/2hPG, AUC-INS/AUC-GLU) (Figure 1B and C), suggesting that pregnant women with GDM had
decreased [ cell function. Meanwhile, subjects with GDM had significantly lower HOMA-B and DI (Figure 1E), further
verifying that the function of B cells was impaired in pregnant women with GDM. However, individuals with GDM
showed significantly lower FINS but comparable 1hINS, 2hINS and AUC-INS (Figure 1B and D), indicating that  cell
function could still be enhanced compensatively with the stimulating effects of increasing postprandial blood glucose.
With a significantly higher |hPG and 2hPG than the NGT group (Figure 1A), the GDM group did not show significantly
higher 1hINS and 2hINS (Figure 1B), just providing evidence for impaired 3 cell function in the GDM group. Combined
with the results of insulin parameters adjusted by glucose that FINS/FPG, 1hINS/1hPG, 2hINS/2hPG and AUC-INS
/AUC-GLU were significantly lower in the GDM group (Figure 1C and D), it was suggested that pregnant women with
GDM had an absolute lack of fasting insulin and a relative lack of postprandial insulin compared with pregnant women
with NGT. Moreover, the GDM group had significantly lower ISIyjasudga (p=0.035) but comparable HOMA-IR, which
was underestimated due to the impairment of f cell function (Figure 1E). In addition to ISIyasuga and HOMA-IR, the
levels of insulin can also reflect the degree of insulin resistance to some extent. If the insulin secretion response
stimulated by glucose does not decrease, the level of insulin will rise to a level corresponding to insulin resistance to
maintain blood glucose at a normal level. However, the GDM group in our study did not show higher hyperinsulinemia
than the NGT group. In contrast, the GDM group showed lower FINS than the NGT group (Figure 1B). The results
above demonstrated that the decreased f cell function was unable to compensate for impaired insulin sensitivity, and [
cell dysfunction may be a major factor in the development of GDM.

According to the glucose levels of the 75 g OGTT, the GDM group was divided into three subgroups (IFG, IGT and
IFSG). Subjects with abnormal postprandial glucose tolerance only (IGT subgroup) comprised the majority of pregnant
women with GDM. The incidence rates of the three subgroups in our study population were IFG 27.08%, IGT 55.21%
and IFSG 17.71% (Figure 2). As shown in Figure 3, compared with the NGT group, the IFG group showed significantly
lower FINS/FPG but comparable 1hINS/IhPG and 2hINS/2hPG (Figure 3C), indicating that the IFG group had
a deficiency in fasting insulin and a normal insulin response to increased postprandial blood glucose. Conversely, the
IGT and IFSG groups showed not only a deficiency in fasting insulin but also a decreased insulin response to increased
postprandial blood glucose (Figure 3C). The insulin secretion (FINS, 1hINS, 2hINS, AUC-INS) during the OGTT of the
three subgroups was not different compared to that of the NGT group, but AUC-INS/AUC-GLU was significantly lower
in the IGT and IFSG groups (Figure 3B and D), which have significantly higher glucose parameters (FPG, 1hPG, 2hPG,
AUC-GLU) (Figure 3A and D), indicating that the IGT and IFSG groups had a relatively insufficient insulin response to
stimulation of increased postprandial blood glucose. Moreover, subjects in the IFSG group had the highest glucose
parameters (FPG, 1hPG, 2hPG, AUC-GLU) and the lowest insulin parameters (FINS/FPG, 1hINS/1hPG, 2hINS/2hPG,
AUC-INS/AUC-GLU) (Figure 3A-D), suggesting that the IFSG group had the most serious impairment of B cell
function. On the other hand, the IFSG group showed significantly lower ISIyjasuga and HOMA- than the NGT group
(Figure 3E), which further verified the hypothesis mentioned above. Although the IGT group had normal FPG levels, the
IGT group showed significantly higher FPG than the NGT group. In addition, the IGT and IFSG groups showed similar

IFG n=52 (27.08%)

IGT n=106 (55.21%)

Total=192
IFSG n=34 (17.71%)

Figure 2 Prevalence of GDM subtypes in the GDM group.
Abbreviations: GDM, gestational diabetes mellitus; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; IFSG, impaired fasting and stimulated glucose.
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beta cell function; ISImaesudar Matsuda insulin sensitivity index; 1Glgo, insulinogenic index at 60 min; DI, 75 g OGTT-derived disposition index.
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glucose metabolic characteristics and insulin responses. Therefore, we speculated that the IFG group might have
a different pathogenesis from the IGT and IFSG groups and that IGT might be a transitional stage of IFSG. Patients
with IGT in the poor control of blood glucose were highly likely to develop IFSG. However, our prediction needs to be
further confirmed by cohort studies with more sufficient sample sizes in the future.

Delivery Outcomes of Participants

As shown in Table 2, no significant difference was found between the NGT and GDM groups. However, 3 newborns with birth
defects were observed in the GDM group, whereas birth defects never existed in the NGT group. The three birth defects were
varus of the right foot, one extra finger of the left thumb, and syndactyly of the left foot. According to the International
Classification of Diseases, 10th Revision (ICD10), all 3 birth defects are classified as congenital malformations and
deformations of the musculoskeletal system (specific codes: Q65-Q79). In addition, all three pregnant women were treated
with diet and exercise interventions and never underwent the treatment with insulin after assessed by clinicians.

Effects of Glucose Metabolism on Pregnancy Outcomes

According to stepwise linear regression analysis, FPG, delivery gestational age and prepregnancy BMI had a significant effect on
birth weight of infants (Figure 4A). The higher the level of FPG, the heavier the newborn’s birth weight. The regression equation
was as follows: birth weight (g) =—-3639+144.154xdelivery gestational age (week) +191.651xFPG (mmol/L) + 22.289xBMI (kg/
m?). These three factors could account for 24.2% of the newborn’s birth weight. Systolic blood pressure, IhPG and FINS/FPG had

Table 2 Delivery Outcomes of Participants

Variables NGT Group | GDM Group p
(n=191) (n=192)
Gestational age at delivery (week) 38.55+1.50 38.42%1.20 0.356
Preterm delivery 0.144
No 175(91.6%) 183(95.3%)
Yes 16(8.4%) 9(4.7%)
Birth weight of the newborns (g) 3255+439 3316+428 0.170
Macrosomia 0.151
No 185(96.9%) 180(93.8%)
Yes 6(3.1%) 12(6.3%)
Length of the baby (cm) 50.08+1.78 50.26+1.39 0.272
Delivery mode 0.149
Natural childbirth 71(37.2%) 58(30.2%)
Cesarean section 120(62.8%) 134(69.8%)
Episiotomy during vaginal delivery 0.326
No 70(98.6%) 55(94.8%)
Yes 1(1.4%) 3(5.2%)
Postpartum hemorrhage 0.499
No 190(99.5%) 192(100%)
Yes 1(0.5%) 0(0)
Infant health 0.857
Poor 0(0) 1(0.5%)
Average 22(11.5%) 20(10.4%)
Good 169(88.5%) 171(89.1%)
Birth defects 0.248
No 191(100%) 189(98.4%)
Yes 0(0) 3(1.6%)

Notes: The p values were calculated using Two-sample t-test, Chi-square test or Mann—
Whitney U-test according to the type of variables.
Abbreviations: GDM, gestational diabetes mellitus; NGT, normal glucose tolerance.
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a significant effect on delivery gestational age, which could account for 10.3% of the delivery gestational age (Figure 4B). Among
them, 1hPG was the main influencing factor. The higher the levels of 1hPG and FINS/FPG, the earlier the delivery gestational age.
The regression equation was as follows: delivery gestational age (week) = 43.091-0.169x1hPG (mmol/L)-0.023xsystolic blood
pressure (mmHg)-0.349xFINS/FPG (mU/L/mmol/L).

For risk factors of premature delivery, univariate binary logistic regression analysis showed that AUC-INS, ISTyatsudas
1G4y, DI, prepregnancy BMI, systolic blood pressure and diastolic blood pressure were associated with the risk of
premature delivery (Figure 5A). AUC-INS, IGls, and DI were still related to premature delivery, independent of
prepregnancy BMI, systolic blood pressure and diastolic blood pressure.

For risk factors of cesarean section, univariate binary logistic regression analysis showed that FPG, glucometabolic
phenotype of IFG, age, prepregnancy BMI, systolic blood pressure and diastolic blood pressure were associated with the
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risk of cesarean section (Figure 5B). Multivariate binary logistic regression showed that GDM with IFG was 2.319 times
more likely to be subject to cesarean section than the NGT group, independent of age, prepregnancy BMI, systolic blood
pressure and diastolic blood pressure.

For risk factors of macrosomia, univariate binary logistic regression analysis showed that FPG, FINS/FPG, AUC-
GLU, AUC-INS/AUC-GLU, HOMA-B, glucometabolic phenotype of IFSG and prepregnancy BMI were associated with
the risk of macrosomia (Figure 5C). Multivariate binary logistic regression showed that FPG, FINS/FPG, AUC-GLU,
AUC-INS/AUC-GLU and HOMA-B were still related to the risk of macrosomia adjusted for prepregnancy BMI.

Discussion

GDM is the most common metabolic disease during pregnancy and an important public health concern worldwide due to
its increasing prevalence and adverse outcomes for both the mother and their offspring. However, GDM is a type of
diabetes mellitus that is easily ignored because many pregnancy-related metabolic changes often resolve after gestation.
Unfortunately, this recovery is temporary for most women with GDM.’

In our study, pregnant women with GDM showed decreased B cell function, which seemed to be the determinant
leading to GDM, although decreased insulin sensitivity was also present. The same result was observed in the
Bangladesh lean population (BMI < 23 kg/m?)'® and lean Austrian population (23.7 £0.9 kg/m®)'® which has
a prepregnancy BMI similar to our study population (22.79+3.57 kg/m?). However, it was reported that insulin resistance
contributed relatively more than reduced insulin secretion to the development of early GDM and was associated with
a greater risk of adverse perinatal outcomes.*® The inconsistency may derive from the average age and BMI of the study
population, which were 32 + 5.3 years and 34 + 4.6 kg/m” in this study, respectively. It is well known that advanced age
and obesity are important risk factors leading to insulin resistance.”** Mirabelli et al even believed that maternal obesity
was the strongest clinical predictor of GDM because the expanded visceral adipose tissue becomes severely dysfunc-
tional, giving rise to a proinflammatory and insulin-resistant environment.?> Not surprisingly, it was reported in this study
that women in the subgroup of GDM with below-median insulin secretion alone had lower prepregnancy BMI compared
with the NGT group.? It is thought that B cell defects are most likely present before conception in many cases.' Minor
deficiencies in the P cell machinery may only be exposed in times of metabolic stress, such as pregnancy.”® An
interesting study of Lapolla A on Italian Caucasians that divided the subjects into GDM1 (diagnosed at 1620 gestational
weeks), GDM2 (diagnosed at 2630 gestational weeks) and NGT groups, reported that B cell function defect in GDM1
was already detectable in the early stage of pregnancy, while GDM2 showed the lowest insulin sensitivity that could still
be compensated by B cell function in early pregnancy but developed GDM in late pregnancy due to the defective B cell
adaptation to the increase of insulin resistance from early to late pregnancy.”’ This study indicates that some pregnant
women develop GDM in early pregnancy characterized by B cell dysfunction, and some pregnant women develop GDM
in late pregnancy characterized by high insulin resistance. Regrettably, this study did not describe BMI for the 3
subgroups respectively, so we do not know if the difference between GDM1 and GDM2 is derived from BMI.
However, combining our study with the studies above, it can be sure that heterogeneity of GDM dominant pathogenesis
exists in different populations and individuals. This may be part of the reason why some subjects with GDM continue to
have abnormal glucose tolerance after delivery, and some patients whose glucose tolerance has normalized gradually
develop T2DM later in life.

Subgroup analysis in our study suggested that the IFG group might have a different pathogenesis from the IGT and
IFSG groups, and the IGT might be a transitional stage of IFSG. However, two other studies suggested that the IFG and
IFSG subgroups had similar metabolic characteristics.”*° This inconsistent conclusion may be due to the fact that the
conclusions of the two studies were based on the clinical characteristic variables (weight, prevalence of obesity,
gestational weight gain)?® and glucose metabolism parameters (fasting state only)*” at the beginning of pregnancy before
the diagnosis of GDM, while the conclusions of our study were directly based on metabolic parameters (including fasting
and dynamic indicators) in the second trimester on the day of GDM diagnosis. Since IFSG shares the characteristics of
both IFG and IGT, the etiology of IFSG is difficult to confirm. However, it can be certain that IFG and IGT share
different etiologies and mechanisms. Although the mechanisms of the different metabolic phenotypes of GDM are poorly
studied, there are a large number of similar studies on T2DM which shares a genetic background and pathogenesis
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similar to GDM.?>* GDM is even believed to be the early stage of T2DM to some extent.*' In a study of 21 nonpregnant
individuals with isolated IFG, 61 nonpregnant individuals with isolated IGT and 240 healthy control subjects, Meyer et al
suggested that different mechanisms existed for impaired fasting glucose (IFG) and impaired postprandial glucose
tolerance (IGT), and IFG was due to impaired basal insulin secretion, whereas IGT mainly results from reduced second-
phase insulin release.*” There should be different postpartum management, treatment and follow-up strategies for GDM
pregnant women with different metabolic phenotypes, pathogeneses and illness severities.”* >

In our study, no differences in perinatal outcomes were found between the GDM and NGT groups. Many studies have
reported that women with predominant insulin sensitivity defects had a greater risk of GDM-associated adverse
outcomes, such as larger infants,'” hypertensive disorders of pregnancy,>* large for gestational age,®* neonatal

hypoglycemia®' and preterm delivery,'-°

while women with predominant insulin secretion defects had a similar risk
of adverse perinatal outcomes to women with NGT.'”*'*” The increased risk of adverse perinatal outcomes in women
with GDM and insulin resistance may be due to the fact that these subjects tend to be obese.?’ However, obesity and
increased insulin resistance are high risk factors for adverse perinatal outcomes.*®*®* In contrast, women with predomi-
nant insulin secretion defects tend to be lean.?!* Although GDM women with predominant 3 cell dysfunction are less
likely to be subject to short-term adverse perinatal outcomes than those with predominant insulin resistance, the long-
term adverse outcomes still cannot be ignored because once [ cell dysfunction begins, a vicious cycle of hyperglycemia,
insulin resistance, and further B cell dysfunction is set in motion.>® Although pregnancy-related insulin resistance is
alleviated after delivery, the impairment of B cell function still continues. The heterogeneity of future risk and
progression of long-term adverse outcomes between GDM patients with insulin sensitivity and secretion defects is
worth paying attention to in future studies.

Although a significant difference was never observed, 3 birth defects were found in the GDM group but not in the

NGT group. Previous studies reported that GDM is associated with an increased risk of birth defects,****

especially in
pregnant women with GDM who require treatment with insulin.*>*** However, due to the limited data on the treatment of
GDM in our study, we will not discuss them here deeply. Larger samples are needed to clarify the association between
GDM and birth defects.

Although no differences in pregnancy outcomes were observed between the GDM and NGT groups, we did find
associations between glucose metabolism indices and pregnancy outcomes. In our study, several glucose metabolism
indices, especially FPG, were found to affect newborn weight, gestational age of delivery and the risk of cesarean
section, premature delivery and macrosomia. Previously, clinicians recognized that any degree of hyperglycemia resulted
in poor perinatal outcomes. Langer et al demonstrated that every 10 mg/dL increase in FPG is associated with a 15%
increase in both maternal and fetal adverse outcomes.*” It was also reported that the risk of macrosomia increased five
times in women with FPG levels of 5.6-5.8 mmol/L in comparison with women with FPG levels of 4.2 mmol/L.*° In our
study, the higher the level of FPG was, the heavier the baby’s birth weight. Moreover, FPG and some of the other indices
mentioned above were related to the risk of macrosomia, which substantially increases the risk of cesarean delivery.*’
Unsurprisingly, the IFG subgroup which was characterized by fasting hyperglycemia, was subjected to a higher cesarean
section risk than the NGT group. Physiologically, most of the fetal high glucose requirement is maintained by
a continuous transplacental transfer from the mother to the fetus, resulting in the blood glucose concentrations of the
fetus being directly proportional to maternal glycemic levels. Meanwhile, fetal glucose influences the secreted amounts
of insulin by the fetal pancreas and the production of insulin-like growth factors, whose primary role is to promote organ
and tissue growth.”> Thus, it is not difficult to understand the influences of maternal glycemic levels on neonatal weight,
as well as risk of cesarean section and macrosomia. In conclusion, it is meaningful to manage and treat women with
GDM for future adverse perinatal outcomes by monitoring glucose metabolism indices, especially FPG.

Our study has some strengths. First, we kept the baseline characteristics of the GDM and NGT groups as consistent as
possible by matching the subjects according to age, basal BMI, hospital and gestational age at serum sampling to reduce
the interference of confounders on the results. Second, we evaluated insulin sensitivity/resistance and B cell function by
multiple indices, including both fasting and dynamic indicators based on the 75 g OGTT. Third, data on the metabolic
characteristics of GDM in the Chinese population, especially in the central Chinese population, are quite lacking, and our
study supplements this. There were still some limitations in our study. First, the sample size was limited to some extent
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which weakened the statistical power of the subgroup analysis. Second, we can only use some indices calculated to
estimate [ cell function and insulin resistance due to the particular period of pregnancy, while the gold standard for
assessing [ cell function remains the glucose clamp study. Each calculated index has some limitations.

Conclusion

Defective insulin secretion seems to be a predominant defect in GDM subjects in the central Chinese population. Women
with predominant insulin secretion defects had a similar risk of adverse perinatal outcomes to women with NGT. Our
study provided a basis for the selection of glucose metabolism monitoring indicators during pregnancy, which is useful
for the prevention of adverse perinatal outcomes. Different metabolic subtypes of GDM may have different pathogen-
eses. There should be different management, treatment and follow-up strategies for GDM patients with different
etiologies, pathogeneses and metabolic phenotypes.
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