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C-reactive protein during pregnancy and in the early postpartum predicts adverse metabolic health outcomes at 1 year postpartum in women with gestational diabetes

Dan Yedu Quansah1  , Antje Horsch2, 3, Leah Gilbert1, Marc Y. Donath4, Jardena J. Puder1 the MySweetheart research groupAmar Arhab, Pascal Bovet, Arnaud Chiolero, Stefano Di Bernardo, Adina Mihaela Epure, Sandrine Estoppey Younes, Leah Gilbert, Justine Gross, Antje Horsch, Stefano Lanzi, Seyda Mayerat, Yvan Mivelaz, Jardena J. Puder, Dan Yedu Quansah, Jean-Benoit Rossel, Nicole Sekarski, Umberto Simeoni, Bobby Stuijfzand and Yvan Via.
(1)Obstetric Service, Department Woman-Mother-Child, Lausanne University Hospital, Rue du Bugnon 21, CH-1011 Lausanne, Switzerland

(2)Institute of Higher Education and Research in Healthcare (IUFRS), University of Lausanne, Lausanne, Switzerland

(3)Neonatalogy Service, Department Woman-Mother-Child, Lausanne University Hospital, Lausanne, Switzerland

(4)Endocrinology, Diabetes and Metabolism, University Hospital Basel, and Department of Biomedicine, University of Basel, Basel, Switzerland

 

 
Dan Yedu Quansah
Email: dan.quansah@chuv.ch



Received: 23 August 2023Accepted: 15 October 2023Published online: 27 October 2023
Abstract
Background
Women with gestational diabetes mellitus (GDM) have higher insulin resistance and/or reduced secretion, an increased risk of future diabetes and cardiovascular disease, which may be due to a pathological activation of the innate immune system. C-reactive protein (CRP) is induced by inflammatory cytokines and reflects innate immune activity. We investigated the prospective associations between CRP during the perinatal period with adverse metabolic outcomes at 1 year postpartum in women with previous GDM.

Methods
We analyzed data from the MySweetheart trial that included 211 women with GDM at 28–32 weeks gestational age (GA). CRP was measured during  pregnancy at 28-32 weeks GA, at 6–8 weeks and at 1 year postpartum. Metabolic outcomes at 1 year postpartum included weight, total and central body fat, measures of insulin resistance and secretion and presence of the metabolic syndrome (MetS). A 75 g oral glucose tolerance test was performed to measure glucose and insulin values every 30 min over 2 h to calculate indices of insulin resistance (MATSUDA, HOMA-IR) and of absolute (AUCins/glu, HOMA-B) and insulin resistance-adjusted insulin secretion (ISSI-2).

Results
CRP during pregnancy and at 6–8 weeks postpartum predicted increased weight, body fat and visceral adipose tissue (VAT), insulin resistance (higher HOMA-IR, lower MATSUDA), absolute insulin secretion (HOMA-B, AUCins/glu), a reduced adjusted insulin secretion (ISSI-2) and a higher prevalence of the MetS at 1 year postpartum (all p ≤ 0.036). These relationships particularly those concerning CRP during pregnancy, were independent of weight ( for VAT, insulin resistance and secretion indices, MetS; all p ≤ 0.032) and of body fat ( for VAT, MATSUDA, MetS; all p ≤ 0.038). 

Conclusion
CRP during pregnancy and in the early postpartum predicted an adverse cardio-metabolic profile in women with prior GDM at 1 year postpartum independent of weight. The prospective association of CRP with increased insulin resistance and reduced adjusted insulin secretion hint to the role of inflammation in the development of impaired metabolism after GDM and could be used as an early marker for risk stratification.
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Background
Gestational diabetes mellitus (GDM) is associated with increased risks of metabolic complications such as obesity, diabetes and cardiovascular disease (CVD) in the postpartum, the latter even in the absence of diabetes [1, 2]. Compared to women without GDM, the risk for diabetes is explained by their increased insulin resistance and decreased insulin secretion [3]. In this context, the perinatal period is a critical time to identify women at higher risk for metabolic complications in this population to provide early interventions.
Chronic inflammation is implicated as one of the underlying disorders associated with insulin resistance, development of diabetes, and CVD [4]. It has been shown that C-reactive protein (CRP), a systemic acute phase protein,  is a predictor of CVD at levels > 2 mg/l [5] and a marker of insulin resistance [6]. CRP is amongst others regulated by the pro-inflammatory cytokine IL-1β [7], IL-6 and tumor necrosis factor-alpha (TNF-α) [8], and reflects innate immune activity and represents a marker of chronic systemic sub-clinical inflammation [9]. The link between CRP and the acute-phase response [10], its contribution to impaired insulin signaling pathway [11], and in part, its links with obesity-driven systemic inflammation can explain the association with insulin resistance [12]. A recent preclinical study showed that CRP can reduce insulin secretion by influencing beta-cell function directly in isolated mouse islet cells [13]. Notwithstanding, human data on CRP and insulin secretion are limited, as only one cross-sectional study found a link between CRP and impaired insulin secretion in a non-diabetes population [14]. However, it is likely that CRP is controlled by levels of cytokines including IL-1β, TNF-α and IL-6 that have parallel effects on insulin secretion and action rather than direct effects of CRP.
In pregnancy, CRP levels are generally increased and even more so in women with GDM [15, 16]. Around four months postpartum, CRP levels correlate with hepatic insulin resistance in women with GDM [15]. Retrospective cohorts of women in the postpartum show that those with previous GDM who are obese or have features of the metabolic syndrome (MetS), have higher CRP levels compared to those without previous GDM [17, 18]. The role of inflammation in GDM is supported by an animal model in which inhibition of IL-1β improved glycaemia [19]. Excessive weight gain, weight retention and poor glucose control that characterize GDM can lead to an increase in inflammatory parameters that precedes insulin resistance, diabetes, and CVD outcomes.
There is a lack of longitudinal data regarding CRP and measures of hepatic and overall insulin resistance in women with GDM. Furthermore, it remains unclear whether the relationship between CRP and insulin resistance is independent of weight, body fat or fat-free mass in women with GDM. Whereas fat mass has been shown to increase insulin resistance, fat-free mass is protective. Particularly, there is a lack of knowledge if CRP can also impact on insulin secretion in women with GDM. Given the important role of CRP regarding body fat, insulin resistance, diabetes and CVD, longitudinal studies could assist to better understand the underlying mechanisms and help to guide early risk stratification and intervention for this young but high-risk population.
The aim of the study was to investigate the prospective associations between CRP during pregnancy and in the early postpartum with adverse metabolic outcomes including body fat, insulin resistance and secretion at 1 year postpartum in women with GDM and to determine the extent to which potential relationships are independent of body weight or fat or fat-free mass.

Methods
This current study is a secondary analysis of the MySweetheart trial (NCT02872974). The trial tested the effect of an interdisciplinary pre- and postpartum lifestyle and psychosocial intervention in women with GDM. The study protocol was approved by the Human Research Ethics Committee of the Canton de Vaud (Study number 2016–00745). The detailed study protocol has been previously described [20]. Out of the 211 women included at baseline at 28–32 weeks gestational age (GA; n = 105 in the intervention and n = 106 in the usual care group), 20 women were excluded from this analysis at 6–8 weeks postpartum (191 women at 6–8 weeks postpartum) and 34 at 1 year postpartum (157 women at 1 year postpartum). Of the 54 women excluded, 87% (n = 47/54) were lost to follow-up, 13% (n = 7/54) had new pregnancies before the 1 year postpartum. All included participants had data for CRP at all three time points. The values of predictors and outcomes were similar in the intervention and control groups, so we pooled participants together and all analyses were adjusted for group allocation (see statistical analyses section).
GDM diagnosis, management, and patient follow-up
Women were diagnosed with GDM during pregnancy at 28–32 weeks GA based on a one-step 75 g oral glucose tolerance test, in accordance with the International Association of Diabetes and Pregnancy Study Groups (IADPSG) and the American Diabetes Association (ADA) guidelines [21, 22] We followed-up women in the usual care group according to the ADA and the Endocrine Society guidelines [22, 23]. They were first seen at 28–32 weeks GA by a physician, or diabetes-specialist nurse who then followed them until delivery. Women received information on GDM, dietary advice by a dietician and tailored recommendations regarding lifestyle changes and gestational weight gain (GWG) based on the Institute of Medicine (IOM) recommendations [24] and were advised to engage in physical activity. Overall, we placed a strong focus on behavioral changes and treatment with insulin, or very rarely with metformin was introduced when glucose values remained above targets according to Swiss guidelines [25]. On top of the usual care, the full intervention program consisted of five individual interdisciplinary lifestyle sessions during pregnancy and four sessions in the postpartum, a peer support group workshop both in pregnancy and postpartum, and a bimonthly lifestyle coach support mostly through telemedicine. It focused on tailored strategies to improve diet, physical activity, mental health, and social support, and to improve adherence to GWG and weight retention recommendations. The detailed description of the MySweetheart trial has been previously described [26].


Measures
Measurement of C-reactive protein (CRP) and cytokines
We measured CRP at 28–32 weeks GA (baseline), at 6–8 weeks and 1 year postpartum. CRP was analysed at the Lausanne University Hospital in serum aliquots using a latex-enhanced immunoturbidimetric assay on a Cobas 8000 autoanalyser (Roche Diagnostics, Mannheim, Germany) with assay characteristics as reported by the manufacturer ((LOD (0.5–1), CV intra (3.7% at 0.840 mg/l) and CV total (inter) (4.0% at 0.840 mg/l)). We also measured IL-6 (U-PLEX Human IL-6 Antibody Set (LLOD: 0.27–1.3) and CV intra (3.0% at 855 pg/ml) and CV total (inter) (5.9% at 855 pg/ml) and TNF-α (U-PLEX Human TNF-α Antibody Set ((LLOD: 0.36–0.76), and CV intra (2.9% at 1560 pg/ml) and CV total (inter) (52% at 1560 pg/ml) at 28–32 weeks GA, at 6–8 weeks and at 1-year postpartum using ELISA according to the manufacturer’s instructions.

Metabolic health variables
Pre-pregnancy weight was extracted from participants’ medical charts or, if missing, was self-reported. We measured weight and height at 28–32 weeks GA, and weight at the end of pregnancy, at 6–8 weeks and 1 year postpartum using electronic scales (Seca®). Information on the need for glucose-lowering medical treatment (use of insulin and/or metformin) during pregnancy was extracted from maternal medical records. GWG was defined as the difference in pre-pregnancy weight and weight at the end of pregnancy and weight retention was calculated as the difference in pre-pregnancy weight and weight at either 6–8 weeks or 1 year postpartum. Body fat and fat-free mass were assessed at 28–32 weeks GA, at 6–8 weeks and 1 year postpartum using Bioelectrical Impedance analysis (BIA) (Akern BIA 101) [27]. We assessed visceral adipose tissue (VAT) at 1-year postpartum using Dual-Energy X-ray Absorptiometry (DXA) in 109 women who signed an additional consent form for this procedure. Metabolic syndrome (MetS) status was defined according to the International Diabetes Federation guidelines, which is based on either waist circumference > 80 cm or BMI ≥ 30 kg/m2 and at least two of the following cut-offs: triglycerides ≥ 1.7 mmol/l, HDL < 1.3 mmol/l, blood pressure ≥ 130/85 mmHg, FPG ≥ 5.6 mmol/l or type 2 diabetes mellitus [28]. As women are in a perinatal context, we use the definition with either the BMI or the waist circumference cut-off.
HbA1c was measured with a chemical photometric method (conjugation with boronate-Afinion®) at 28–32 weeks GA, and with a High Performance Liquid Chromatography method (HPLC) in the postpartum according to international guidelines [29]. At baseline, we performed fasting measures of glucose and insulin and at 6–8 weeks and 1-year postpartum, we additionally performed a 75 g oral glucose tolerance test (oGTT). We defined prediabetes (FPG 5.6–6.9 mmol/l or HbA1c 39-46 mmol/mol (5.7–6.4%) or 2 h glucose 7.8–11.0 mmol/l) and diabetes (FPG ≥ 7.0 mmol/l, 2 h glucose ≥ 11.1 mmol/l or HbA1c ≥ 48 mmol/mol (6.5%)) according to the ADA criteria.

Insulin secretion/sensitivity indices
During the oGTT, we measured glucose and insulin values at fasting, and every 30 min over 2 h to calculate insulin secretion/sensitivity indices. Insulin was measured using the electrochemical luminescence immunoassay (ECLIA) on Cobas e 800 autoanalyzer (Roche Diagnostics, Mannheim, Germany). The Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was used as a measure of insulin sensitivity [30]. Whole body insulin sensitivity was estimated with the Matsuda index [31]. Insulin resistance-adjusted insulin secretion was assessed using Insulin Secretion-Sensitivity Index-2 (ISSI-2), also known as disposition index, expressed as the product of Matsuda index and AUCins/gluc [32]. Absolute insulin secretion was estimated using Area under the Curve (AUCins/glu) according the trapezoidal rule [31], while HOMA of b-cell index (HOMA-B) was computed as 20 × fasting insulin (μIU/ml)/ fasting glucose (mmol/ml)− 3.5 [33].

Socio-demographic and medical characteristics
Information on maternal socio-demographic characteristics including age, nationality/ethnic origin and educational level were collected at baseline. Data on medical characteristics including previous history of GDM, family history of diabetes, gravida, and parity as well as of breastfeeding were extracted from participants’ medical charts if available or were obtained from participants during the visits.


Statistical analyses
All statistical analyses were performed with Stata/SE 15.1 (StataCorp LLC, TX, USA). Socio-demographic and medical characteristics were presented as either means (± standard deviation) or in frequency and percentages (%) (Table 1). Dependent variables included weight, body fat (BIA), VAT (DXA), MetS (BMI and WC), fasting glucose, 2 h glucose after oGTT, HbA1c, indices of insulin resistance (HOMA-IR, MATSUDA) and insulin secretion (ISSI-2, AUCins/glu and HOMA-B) measured during pregnancy and in the postpartum. Predictor variables included CRP at baseline, at 6–8 weeks and 1 year postpartum. Both outcomes and predictors were normally distributed. We used linear regression models (logistic regression for binary variables) to investigate the prospective associations between CRP at baseline and at 6–8 weeks postpartum with metabolic outcomes at 1 year postpartum. In model 1, we adjusted for group allocation, in model 2, for group allocation, and for the following confounders regarding medical history and diabetes risk: GA, age, previous history of GDM, family history of diabetes, breastfeeding at 6–8 weeks postpartum, as well as for weight (at the prediction time point) and in model 3, for group allocation, the above-mentioned medical history confounders as well as for body fat (at the prediction time point). We also determined the cross-sectional associations between CRP and metabolic variables at baseline, at 6–8 weeks and at 1 year postpartum using the same regression models. When body fat or weight were the outcome variable, we did not adjust for the respective variable in the regression models. All reported beta-coefficients were standardized. In all analyses, both predictors and outcomes were similar in the intervention and usual care groups. The result and effect sizes of the relationship between CRP and metabolic outcomes were similar when we restricted the analyses only to the control group, so we pooled participants in both groups to increase the sample size and always adjusted for group allocation in all analyses.Table 1Baseline maternal socio-demographic and clinical characteristics of study participants


	Variable
	Mean ± SD

	N
	211

	Age (year)
	33.8 ± 4.4

	GA at 28–32 week GA (weeks)
	28.8 ± 2.4

	BMI at 28–32 week GA (kg/m2)
	29.6 ± 5.0

	BMI at 28–32 week GA (kg/m2) (IQR)
	29.1 (6.8)

	GWG up to at 28–32 week GA (kg)
	10.2 ± 5.8

	Nationality/Ethnicity (n, %)

	 Switzerland
	62 (32.4)

	 Rest of Europe and North America
	83 (43.4)

	 Asia and Oceania
	23 (12.0)

	 Africa
	14 (7.3)

	 Latin America
	7 (3.7)

	 Others
	2 (1.0)

	Education levela (n, %)

	 Compulsory school incompleteb
	2 (1.1)

	 Compulsory school achieved
	23 (13.0)

	 High school
	19 (10.7)

	 General and vocational education
	42 (23.7)

	 University
	91 (51.4)

	Glucose-lowering treatment in pregnancy (n, %)

	 Yes
	90 (42.6)

	 No
	121 (57.4)

	Parity (n, %)

	 0
	120 (56.9)

	 1
	57 (27.0)

	 2
	18 (8.5)

	 ≥ 3
	16 (7.6)

	Gravida (n, %)

	 1
	88 (41.7)

	 2
	50 (23.7)

	 ≥ 3
	73 (34.6)

	GDM in previous pregnancyc (n, %)

	 Yes
	25 (11.8)

	 No
	186 (88,2)

	Family history of diabetesd (n, %)

	 Yes
	136 (64.4)

	 No
	75 (35.6)


GDM denotes gestational diabetes mellitus; GA denotes gestational age; SD denotes standard deviation; GA denotes gestational age; BMI denotes body mass index, GWG denotes gestational weight gain; IQR denotes Interquartile range
a34 participants had missing data on education
bIn Switzerland, compulsory schooling lasts eleven years
cOnly for women who had at least one previous pregnancy
dFamily history of diabetes consists of those with first degree (e.g., mother, father, brother, sister, daughter, son) and second degree (at least 25% of genetic link that included grandparents, grandchildren, nephews, niece, half-brother, and half-sister) relationship of the participant
All values are expressed as mean and standard deviations or n, %



In a supplementary analysis, we determined the differences in CRP, TNF-α and IL-6 levels at baseline, and in the postpartum in all participants and according to pre-pregnancy BMI categories (Additional file 1: Table S1). In an additional supplementary longitudinal analysis, we adjusted for fat-free mass in addition to group allocation and the medical history confounders (Additional file 1: Table S3). Additional analyses also included the relationship between CRP during pregnancy and at 6–8 weeks postpartum with metabolic health outcomes at 1-year postpartum, adjusted for changes in weight or fat mass (Additional file 1: Table S5). We also investigated the metabolic outcomes during pregnancy and postpartum according to pre-pregnancy BMI categories (Additional file 1: Table S2). In addition, we investigated the longitudinal associations between IL-6 and TNF-alpha during pregnancy and at 6–8 weeks postpartum with metabolic health outcomes at 1-year postpartum (Additional file 1: Table S4).
For all analyses, we  adjusted each time for only one body composition measure in the same analyses due to modestly high correlations between weight, body fat and fat free mass (r = 0.72–0.94) to avoid collinearity. All statistical significances were two sided and accepted at p < 0.05.

Results
Two hundred and eleven (211) women were included at the baseline visit at a mean GA of 28.8 ± 2.4 weeks. Their pre-pregnancy BMI was 25.8 ± 5.4 kg/m2. About 43% of women received glucose lowering-medical treatment (insulin, very rarely metformin (n = 8/211)) during pregnancy (Table 1). No glucose-lowering treatment was given in the postpartum. At 6–8 weeks and 1 year postpartum 75% (159/211) and 20% (32/159) of women in our cohort were breastfeeding. Mean CRP values at 28–32 weeks GA (baseline), 6–8 weeks, and 1 year postpartum were 4.5 ± 3.7 mg/l, 3.4 ± 3.2 mg/l and 3.0 ± 3.8 mg/l respectively (p < 0.001, Additional file 1: Table S1, Fig. 1). Mean weight and BMI at 1 year postpartum were 72.4 ± 16.2 kg and 26.8 ± 4.5 kg/m2 and the prevalence of the MetS (“methods” section [28]) was 33.2%. The prevalence of prediabetes and diabetes at 1 year postpartum were 35% (n = 55/157) and 3.2% (n = 10/157) respectively (Additional file 1: Table S2). Data for body fat, glycemic values and different measures of insulin resistance and secretion at the three time points are shown in the Additional file 1: Table S2.[image: ]
Fig. 1Changes in C-reactive protein (CRP) levels during pregnancy and in the postpartum study participants. CRP at 28–32 weeks GA was significantly higher than levels at 6–8 weeks and 1 year postpartum. The differences between CRP at 6–8 weeks and 1 year postpartum was not significant. GA denotes gestational age; ns denotes not significant; **denotes p < 0.001, ***denotes p < 0.0001


Longitudinal associations between CRP metabolic health outcomes at 1-year postpartum
Table 2 shows the longitudinal associations between CRP at 28–32 weeks GA (baseline) and at 6–8 weeks postpartum with metabolic health outcomes at 1 year postpartum. CRP during pregnancy predicted increased weight, body fat (BIA), VAT and  MetS (according to either BMI or WC) at 1 year postpartum (all p ≤ 0.001). These associations (body fat, VAT, MetS) were independent of medical history confounders (GA age, previous history of GDM, family history of diabetes, breastfeeding) as well as of weight during pregnancy (all p ≤ 0.041). The associations between VAT and MetS-WC were also independent of these confounders as well as of body fat (both p ≤ 0.038). Regarding glycemic parameters, CRP during pregnancy was associated with increased fasting glucose (p = 0.036) but not HbA1c or post-oGTT glucose. It predicted higher insulin resistance (higher HOMA-IR, lower MATSUDA), and increased absolute insulin secretion (AUCins/glu, HOMA-B), but lower insulin resistance-adjusted insulin secretion (relative insulin secretion, ISSI-2) at 1 year postpartum (all p ≤ 0.036). These associations remained significant  after adjustment for confounders and for weight (all p ≤ 0.032), while the ones with both indices of insulin resistance also persisted after further adjusting for body fat (p ≤ 0.001).Table 2Longitudinal associations between CRP during pregnancy and at 6–8 weeks postpartum with metabolic health outcomes at 1 year postpartum


	Variable
	Model 1
	Model 2
	Model 3

	β-coefficient
	95% CI
	p value
	β-coefficient
	95% CI
	p value
	β-coefficient
	95% CI
	p value

	CRP at 28–32 weeks GA

	 Weight (kg)bc
	1.70
	1.02, 2.38
	 < 0.001
	1.70
	1.02, 2.38
	 < 0.001
	NA
	NA
	NA

	 Body fat (kg)c
	1.32
	0.89, 1.75
	 < 0.001
	0.35
	0.12, 0.57
	 < 0.003
	NA
	NA
	NA

	 Visceral adipose tissue (kg)
	0.05
	0.02, 0.07
	 < 0.001
	0.02
	0.002, 0.04
	0.024
	0.01
	0.001, 0.07
	0.019

	 MetS-WC, yesa
	1.22
	1.12, 1.34
	 < 0.001
	1.16
	1.05, 1.28
	0.002
	1.12
	1.06, 1.26
	0.038

	 Fasting glucose (mmol/l)
	0.03
	0.001, 0.05
	0.036
	0.01
	− 0.01, 0.04
	0.220
	0.02
	− 0.01, 0.05
	0.251

	 2 h glucose (mmol/l)
	0.03
	− 0.04, 0.11
	0.435
	0.008
	− 0.07, 0.10
	0.744
	0.08
	− 0.08, 0.10
	0.847

	 HbA1c (%)
	0.01
	− 0.01, 0.04
	0.326
	0.005
	− 0.02, 0.03
	0.700
	0.04
	− 0.03, 0.03
	0.749

	 HOMA-IR
	0.20
	0.10, 0.31
	 < 0.001
	0.19
	0.09, 0.29
	 < 0.001
	0.16
	0.09, 0.30
	 < 0.001

	 MATSUDA index
	− 0.28
	− 0.42, − 0.15
	 < 0.001
	− 0.14
	− 0.26, − 0.01
	0.032
	− 0.28
	− 0.40, − 0.16
	 < 0.001

	 ISSI-2
	− 0.05
	− 0.09, − 0.02
	0.002
	− 0.05
	− 0.09, − 0.02
	0.002
	− 0.02
	− 0.06, 0.01
	0.305

	 AUCins/glu
	0.02
	0.009, 0.03
	0.002
	0.02
	0.009, 0.04
	0.002
	0.04
	− 0.01, 0.02
	0.553

	 HOMA-B
	2.63
	1.23, 4.03
	0.016
	2.20
	1.35, 4.25
	0.026
	0.25
	− 1.2, 1.51
	0.691

	CRP at 6–8 weeks pp

	 Weight (kg)bc
	1.60
	0.89, 2.31
	 < 0.001
	1.60
	0.89, 2.31
	 < 0.001
	NA
	NA
	NA

	 Body fat (kg)c
	1.21
	0.75, 1.67
	 < 0.001
	0.21
	0.004, 0.41
	0.046
	NA
	NA
	NA

	 Visceral adipose tissue (kg)
	0.06
	0.04, 0.09
	 < 0.001
	0.02
	0.002, 0.04
	0.027
	0.02
	0.003, 0.03
	0.019

	 MetS-WC, yesa
	1.15
	1.05, 1.26
	0.003
	1.09
	0.99, 1.21
	0.073
	1.09
	0.98, 1.20
	0.095

	 Fasting glucose (mmol/l)
	0.01
	− 0.01, 0.04
	0.379
	0.003
	− 0.03, 0.03
	0.844
	− 0.01
	− 0.03, 0.03
	0.927

	 2 h glucose (mmol/l)
	0.02
	− 0.06, 0.10
	0.634
	− 0.008
	− 0.09, 0.08
	0.855
	− 0.04
	− 0.09, 0.08
	0.925

	 HbA1c (%)
	0.04
	− 0.02, 0.02
	0.970
	− 0.01
	− 0.04, 0.02
	0.393
	− 0.01
	− 0.04, 0.02
	0.446

	 HOMA-IR
	0.21
	0.11, 0.31
	 < 0.001
	0.11
	0.02, 0.20
	0.022
	0.11
	0.01, 0.21
	0.024

	 MATSUDA index
	− 0.27
	− 0.41, − 0.11
	0.001
	− 0.29
	− 0.45, − 0.14
	 < 0.001
	− 0.14
	− 0.19, − 0.09
	0.001

	 ISSI-2
	− 0.06
	− 0.10, − 0.01
	0.010
	− 0.02
	− 0.07, 0.02
	0.318
	− 0.03
	− 0.07, 0.02
	0.307

	 AUCins/glu
	0.02
	0.005, 0.03
	0.007
	0.009
	− 0.004, 0.02
	0.172
	0.09
	− 0.04, 0.02
	0.176

	 HOMA-B
	2.82
	1.52, 4.12
	0.001
	1.44
	0.29, 2.60
	0.015
	1.41
	0.25, 2.58
	0.017


CRP denotes C-reactive protein; GA denotes gestational age; MetS denotes metabolic syndrome; BMI denotes Body Mass Index; Mets-WC denotes metabolic syndrome based on waist circumference; pp denotes postpartum; NA denots not applicable; HbA1c denotes glycated hemoglobin; HOMA-IR denotes Homeostatic Model Assessment for Insulin Resistance; ISSI-2 denotes; Insulin Secretion-Sensitivity Index-2; AUCins/glu denotes Area under the Curve; HOMA-B denotes HOMA of b-cell index. Model 1: adjusted for group allocation. Model 2: Adjusted for group allocation, gestational age, age, previous history of GDM, family history of GDM, breastfeeding, weight at the prediction time point. Model 3: adjusted for group allocation, gestational age, age, previous history of GDM, family history of GDM, breastfeeding and body fat at the prediction time point.
aEstimates are from logistic regression analyses (Odds ratio and 95% CI)
For these variables, the associations were not adjusted for bweight or cbody fat (only adjusted for age).
 Bold p-values indicates significant p-values



CRP at 6–8 weeks postpartum was associated with increased weight, body fat, VAT and MetS (BMI and WC) at 1 year postpartum (all p ≤ 0.03). The association with body fat was independent of the medical history confounders and of weight (p = 0.046), while that of VAT was independent of these confounders, weight, or body fat (both p ≤ 0.027). CRP in the early postpartum predicted higher insulin resistance (higher HOMA-IR, lower MATSUDA) and absolute insulin secretion (HOMA-B and AUCins/glu) but reduced relative insulin secretion (ISSI-2) at 1 year postpartum (p ≤ 0.010). The associations with increased insulin resistance (HOMA-IR and MATSUDA) and absolute insulin secretion (HOMA-B) remained significant after further adjusting for confounders and weight or body fat (all p ≤ 0.024). In the postpartum, CRP was not associated with fasting or post-oGTT glucose or HbA1c. Figure 2 summarizes the significant longitudinal associations between CRP both at baseline (A) and at 6–8 weeks postpartum (B) and metabolic health outcomes at 1 year postpartum after adjustment for confounders, and for body fat. We observed similar results when we adjusted for changes in weight or body fat between baseline and 1-year postpartum to account for the time-varying confounding effect of weight or body fat in our longitudinal analyses (Additional file 1: Table S5).[image: ]
Fig. 2Longitudinal relationships between CRP and metabolic health outcomes at 1-year postpartum in women with gestational diabetes mellitus. A Associations between CRP at 28–32 weeks GA and VAT, HOMA-IR, and MATSUDA at 1 year postpartum and B Associations between CRP at 6–8 weeks postpartum VAT, HOMA-IR, MATSUDA, and HOMA-B at 1 year postpartum. All analyses were adjusted for GA, age, previous history of GDM, family history of diabetes and of body fat



Cross-sectional associations between CRP and metabolic health outcomes
We also investigated the cross-sectional associations between CRP with metabolic variables during pregnancy and in the postpartum (Table 3). CRP during pregnancy correlated with increased weight, body fat and MetS-BMI (all p ≤ 0.004). It also correlated with increased fasting glucose, HbA1c, increased insulin resistance (HOMA-IR) and absolute secretion (HOMA-B). Regarding cross-sectional associations in the early postpartum (Table 3), CRP correlated with higher weight and body fat, increased insulin resistance (higher HOMA-IR and lower MATSUDA), absolute insulin secretion (HOMA-B and AUCins/glu) and reduced relative insulin secretion (ISSI-2) (all p ≤ 0.009). At 1 year postpartum, CRP correlated with weight, body fat and indices of insulin resistance and secretion (all p ≤ 0.014). Cross-sectional associations were in part independent of medical history  confounders and of weight or, more rarely, body fat.Table 3Cross-sectional associations between CRP and metabolic health outcomes during pregnancy and in the postpartum


	Variable
	Model 1
	Model 2
	Model 3

	β
	95% CI
	p value
	β
	95% CI
	p value
	β
	95% CI
	p value

	CRP at 28–32 weeks GA
	Insulin resistance and secretion variables during pregnancy

	 Weight (kg)bc
	1.68
	1.18, 2.17
	 < 0.001
	1.67
	1.2, 2.20
	 < 0.001
	NA
	NA
	NA

	 Body fat (kg)c
	1.24
	0.94, 1.55
	 < 0.001
	0.28
	0.15, 0.41
	 < 0.001
	NA
	NA
	NA

	 MetS-BMI, yesa
	1.12
	1.03, 1.22
	0.006
	1.02
	0.90, 1.11
	0.965
	0.98
	0.87, 1.09
	0.772

	 Fasting glucose (mmol/l)
	0.02
	0.008, 0.04
	0.004
	0.02
	0.009, 0.04
	0.004
	0.06
	− 0.02, 0.02
	0.995

	 HbA1c (%)
	0.01
	0.004, 0.02
	0.007
	0.01
	0.007, 0.03
	0.001
	0.09
	− 0.03, 0.02
	0.164

	 HOMA-IR
	0.16
	0.05, 0.26
	0.003
	0.15
	0.05, 0.26
	0.004
	0.002
	-0.08, 0.09
	0.960

	 HOMA-B
	1.99
	0.69, 3.2
	0.003
	0.21
	− 1.06, 1.48
	0.742
	− 0.16
	− 1.41, 1.01
	0.792

	CRP at 6–8 weeks pp
	Insulin resistance and secretion variables at 6–8 weeks postpartum

	 Weight (kg)bc
	1.48
	0.88, 2.09
	 < 0.001
	1.48
	0.87, 2.08
	 < 0.001
	NA
	NA
	NA

	 Body fat (kg)c
	1.06
	0.66, 1.45
	 < 0.001
	0.16
	0.03, 0.29
	0.015
	NA
	NA
	NA

	 MetS-BMI, yesa
	1.10
	0.97, 1.25
	0.107
	0.98
	0.83, 1.15
	0.818
	0.92
	0.76, 1.11
	0.421

	 Fasting glucose (mmol/l)
	0.01
	− 0.01, 0.04
	0.228
	− 0.005
	− 0.03, 0.02
	0.686
	− 0.006
	− 0.03, 0.02
	0.665

	 HbA1c (%)
	0.01
	− 0.007, 0.03
	0.060
	0.02
	0.0005, 0.36
	0.043
	0.01
	0.001, 0.03
	0.036

	 HOMA-IR
	0.11
	0.03, 0.19
	0.005
	0.04
	− 0.03, 0.12
	0.306
	0.03
	− 0.04, 0.11
	0.383

	 MATSUDA index
	− 0.38
	− 0.56, − 0.19
	 < 0.001
	− 0.19
	− 0.37, − 0.02
	0.024
	− 0.18
	− 0.35, − 0.01
	0.038

	 ISSI-2
	− 0.06
	− 0.11, − 0.02
	0.009
	− 0.03
	− 0.08, 0.02
	0.226
	− 0.03
	− 0.08, 0.02
	0.284

	 AUCins/glu
	0.01
	0.006, 0.03
	0.002
	0.09
	− 0.007, 0.01
	0.070
	0.08
	− 0.01, 0.02
	0.106

	 HOMA-B
	1.59
	0.41, 2.76
	0.008
	0.57
	− 0.57, 1.72
	0.325
	0.49
	− 0.67, 1.65
	0.409

	CRP at 1-year pp
	Insulin resistance and secretion variables at 1-year postpartum

	 Weight (kg)bc
	1.59
	0.99, 2.19
	 < 0.001
	1.58
	0.98, 2.19
	 < 0.001
	NA
	NA
	NA

	 Body fat (kg)c
	1.23
	0.84, 1.61
	 < 0.001
	0.25
	0.13, 0.36
	 < 0.001
	NA
	NA
	NA

	 MetS-BMI, yesa
	1.20
	1.08, 1.33
	 < 0.001
	1.12
	0.98, 1.27
	0.073
	1.09
	0.95, 1.24
	0.198

	 MetS-WC, yesa
	1.15
	1.05, 1.26
	0.002
	1.09
	0.98, 1.21
	0.098
	1.07
	0.96, 1.18
	0.183

	 Fasting glucose (mmol/l)
	0.02
	0.003, 0.05
	0.027
	0.01
	− 0.009, 0.04
	0.211
	0.02
	− 0.01, 0.045
	0.232

	 HbA1c (%)
	0.002
	− 0.02, 0.03
	0.808
	− 0.07
	− 0.03, 0.02
	0.546
	− 0.01
	− 0.04, 0.01
	0.364

	 HOMA-IR
	0.19
	0.09, 0.28
	 < 0.001
	0.05
	− 0.03, 0.13
	0.238
	0.03
	− 0.06, 0.12
	0.546

	 MATSUDA index
	− 0.24
	− 0.36, − 0.12
	 < 0.001
	− 0.07
	− 0.18, 0.04
	0.214
	− 0.04
	− 0.16, 0.07
	0.439

	 ISSI-2
	− 0.05
	− 0.08, − 0.01
	0.014
	− 0.01
	− 0.05, 0.02
	0.547
	− 0.07
	− 0.49, 0.35
	0.739

	 AUCins/glu
	0.02
	0.008, 0.03
	0.001
	0.07
	0.03, 0.18
	0.195
	0.006
	− 0.006, 0.01
	0.322

	 HOMA-B
	2.13
	0.85, 3.40
	0.001
	0.20
	− 0.95, 1.35
	0.729
	− 0.20
	− 1.39, 0.97
	0.726


CRP denotes C-reactive protein; GA denotes gestational age; MetS denote metabolic syndrome; BMI denotes Body Mass Index; Mets-WC denotes metabolic syndrome based on waist circumference; pp denotes postpartum; NA denoted not applicable; HbA1c denotes glycated hemoglobin; HOMA-IR denotes Homeostatic Model Assessment for Insulin Resistance; ISSI-2 denotes; Insulin Secretion-Sensitivity Index-2; AUCins/glu denotes Area under the Curve; HOMA-B denotes HOMA of b-cell index.
Model 1: Adjusted for group allocation. Model 2: Adjusted for group allocation, gestational age, age, previous history of GDM, family history of GDM, breastfeeding, weight at prediction time point. Model 3: adjusted for group allocation, gestational age, age, previous history of GDM, family history of GDM, breastfeeding, body fat at the prediction time point.
aEstimates are from logistic regression analyses (Odds ratio and 95% CI). MetS-WC is not relevant in pregnancy and too early to assess in the early pp
For these variables, the associations were not adjusted for bweight or cbody fat (additionally adjusted for age).
Bold p-values indicate significant p-values



In an additional analysis, we investigated the longitudinal associations between CRP at 28–32 GA and at 6–8 weeks postpartum with metabolic health outcomes at 1 year postpartum independent of the medical history confounders and of fat-free mass instead of fat mass (at the prediction time point) and found similar results (Additional file 1: Table S3).
We also investigated the longitudinal associations between IL-6 and TNF-α at 28–32 weeks GA and at 6–8 weeks postpartum with metabolic health at 1 year postpartum (Additional file 1: Table S4). IL-6 was not related to metabolic health outcomes except for two associations: IL-6 at 28–32 weeks GA was associated with increased ISSI-2 whereas IL-6 at 6–8 weeks postpartum was associated with increased AUCins/glu at 1 year postpartum. TNF-α both 28–32 weeks GA and at 6–8 weeks postpartum was not associated with any of the metabolic health outcomes at 1 year postpartum.


Discussion
We found prospective associations between CRP in the perinatal period and adverse metabolic outcomes at 1 year postpartum in women with GDM. CRP during pregnancy and in the early postpartum predicted higher weight, body fat, VAT, higher prevalence of the MetS and increased insulin resistance (HOMA-IR, MATSUDA) at 1 year postpartum. These associations, particularly CRP during pregnancy, were independent of medical history confounders related to diabetes risk including GA, age, previous history of GDM, family history of diabetes as well as breastfeeding and weight or changes in weight. For VAT, insulin resistance and MetS, these associations were even independent of medical history confounders and of body fat. CRP also predicted an increased absolute insulin secretion (HOMA-B, AUCins/glu) at 1 year postpartum, which was independent of these confounders and of weight. However, it predicted a reduction in insulin resistance-adjusted insulin secretion (ISSI-2). These results were similar when we further adjusted for fat-free mass and results in the cross-sectional analyses were similar.
CRP during pregnancy and in the early postpartum period was related to increased weight, total and central body fat at 1 year postpartum. Our finding suggests an effect or a link between CRP with obesity in women with GDM. These results agree with existing cross-sectional studies in women with previous GDM [34, 35]. Importantly, the relationship with body fat remained after adjusting for weight and the one with VAT remained significant even after adjusting for total body fat. This is new for pregnancy and in line with data suggesting that VAT has an impact on inflammation that is beyond body fat.
CRP in pregnancy and in the early postpartum predicted higher insulin resistance: both higher hepatic insulin resistance (HOMA-IR) and lower whole body insulin sensitivity (MATSUDA) at 1-year postpartum. These results were independent of weight or body fat or changes in these parameters, indicating that CRP may independently play a role in the progression to insulin-resistant states. Our results were, not significant when we adjusted for VAT (data not shown), underlining that VAT, might play a role in the link between inflammation, insulin resistance and adverse metabolic health. Other studies found cross-sectional associations between CRP and hepatic insulin resistance (HOMA-IR) in GDM women [15, 16, 34], but they did not investigate the role of weight or body fat.
CRP is linked to hepatic insulin resistance through its involvement in impairing insulin signaling in the liver [11]. CRP is stimulated by IL-1β, TNF-α and IL-6 in the liver [8], which act together to activate serine and threonine kinases to suppress insulin signal transduction and thus promote insulin resistance. Despite the inter-relationship between IL-6, TNF-α and CRP, this study neither found similar associations between IL-6 and TNF-α with insulin resistance nor with other metabolic outcomes. This suggest that CRP is either a robust marker, particularly in the perinatal period, or it might play an independent role as it can have direct effects on glucose homeostasis [13]. IL-1β is probably a stronger stimulant of CRP compared to IL-6 and TNF-α. As cytokines act on the tissue level, their concentrations are often not reflected by the levels measured in the circulation.
In addition, CRP in the perinatal period predicted higher absolute insulin secretion (AUCins/glu, HOMA-B), but lower insulin resistance-adjusted insulin secretion (ISS1-2) at 1 year. The prediction of absolute insulin secretion by CRP is most likely related to the observed increase in insulin resistance, which was independent of weight and partly of body fat. However, it predicted a reduction in the relative or insulin-resistance-adjusted insulin secretion. We are not aware of other studies that investigated the relationship between CRP and insulin secretion in women with GDM, which can serve as a relatively homogenous model of metabolically high-risk subjects. The prospective association between CRP and increased absolute insulin secretion reflect a compensatory response of islet beta-cells related to the decreased insulin action. As it predicted a reduced insulin secretion  independent of insulin resistance, CRP might be associated with or lead to reduced islet beta-cell function in women after GDM.
The increase in CRP during acute or chronic inflammation could affect islet cell viability to cause insulin secretory dysfunction through an effect on local circulation [13]. Although we did not investigate IL-1β, metabolic stress could induce IL-1β production from islet cells to contribute to impaired insulin secretion and might potentially explain why CRP predicted lower ISSI-2 in our study. Alternatively, the chronic increase in insulin resistance could lead to an overstimulation, but long-term exhaustion of the pancreatic beta-cells. The latter hypothesis might explain why our longitudinal and cross-sectional results were similar.
To test the robustness of our findings, we also confirmed the associations between CRP and metabolic outcomes during pregnancy and in the postpartum  in cross-sectional analyses. CRP during pregnancy correlated with increased weight and body fat, as well as insulin resistance (HOMA-IR) and absolute secretion (HOMA-B), partly independent of weight. Similar results were observed in the postpartum, where in addition the relationship between CRP and reduced ISSI-2 was confirmed.
The strengths of this study include its prospective design and longitudinal follow-up up to 1-year postpartum of a homogenous sample of women at high metabolic risk. Insulin resistance and secretion were measured by several validated indices. In addition to CRP, the proinflammatory cytokines TNF-α and IL-6 were also tested to better understand the process linking CRP to adverse metabolic health outcomes. We also investigated if associations between CRP and metabolic outcomes were independent of weight or body fat. Despite this, the lack of data on IL-1β and IL-1RA potentially limit the understanding of our results. The lack of a comparable control group, i.e., women without GDM is a major limitation. The prediction of future metabolic risk by CRP might in part be accounted by its role as a proxy of insulin resistance in pregnancy, but it still offers the advantage of being a useful marker in pregnancy that does not need to be measured in a fasting state. Although the accuracy or usefulness of HbA1c in pregnancy has been controversial [36], it can be useful to identify women at risk for future GDM [37], perinatal complications [38], and future type 2 diabetes [39]. The slightly reduced number of women at 1‐year follow‐up is a further limitation, but this represents less than 16% of the entire population. Importantly, a longer follow-up period including cardiovascular events may be helpful. Although breastfeeding is known to be associated with increased insulin sensitivity, improved insulin secretion, and postpartum weight loss, the observed associations in our study were independent of the effect of breastfeeding. In addition, we pooled both intervention and control participants together to increase the sample size, since the value of predictors and outcomes and the effect sizes were similar in both groups. We  adjusted for group allocation in all analyses.

Conclusions
In this cohort of women with GDM followed during pregnancy up 1 year postpartum, CRP in the perinatal period predicted a more adverse metabolic profile including insulin resistance, decreased adjusted insulin secretion and metabolic syndrome that was largely independent of GA, age, previous history of GDM, family history of diabetes and weight and in part of body fat. Therefore, CRP may be a novel biomarker in patients with GDM. If our results can be confirmed, CRP could be used to risk stratify women with GDM earlier for targeted interventions. It remains to be shown whether anti-inflammatory treatment that reduces CRP can improve outcomes in these patients.
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