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Abstract 18 

Context: Gestational diabetes is commonly linked to development of type 2 diabetes mellitus 19 

(T2DM). There is a need to characterize metabolic changes associated with gestational 20 

diabetes in order to find novel biomarkers for T2DM. 21 

Objective: To find potential pathophysiological mechanisms and markers for progression 22 

from gestational diabetes mellitus to T2DM by studying the metabolic transition from 23 

pregnancy to postpartum. 24 

Design: The metabolic transition profile from pregnancy to postpartum was characterized in 25 

56 women by mass spectrometry–based metabolomics; 11 women had gestational diabetes 26 

mellitus, 24 had normal glucose tolerance, and 21 were normoglycaemic but at increased risk 27 

for gestational diabetes mellitus. Fasting serum samples collected during trimester 3 28 

(gestational week 32±0.6) and postpartum (10.5±0.4 months) were compared in diagnosis-29 

specific multivariate models (orthogonal partial least squares analysis). Clinical 30 

measurements (e.g., insulin, glucose, lipid levels) were compared and models of insulin 31 

sensitivity and resistance were calculated for the same time period. 32 

Results: Women with gestational diabetes had significantly increased postpartum levels of 33 

the branched-chain amino acids (BCAAs) leucine, isoleucine, and valine, and their circulating 34 

lipids did not return to normal levels after pregnancy. The increase in BCAAs occurred 35 

postpartum since the BCAAs did not differ during pregnancy, as compared to normoglycemic 36 

women. 37 

Conclusions: Postpartum levels of specific BCAAs, notably valine, are related to gestational 38 

diabetes during pregnancy. 39 

Keywords: Gestational diabetes mellitus, type 2 diabetes mellitus, metabolomics, 40 

multivariate statistics, branched-chain amino acids, insulin resistance 41 
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1. Introduction 42 

Pregnancy is characterized by extensive metabolic alterations in carbohydrate, fat and protein 43 

metabolism to ensure adequate fetal growth and to meet the increased physiological demands 44 

of pregnancy, including the additional energy stores required for labor and lactation.  45 

Maternal glycemic control depends on the balance between pancreatic β-cell secretion of 46 

insulin, insulin clearance, and insulin action in liver, muscle and adipose tissue [1, 2]. Insulin 47 

sensitivity changes considerably during pregnancy and declines progressively in late gestation 48 

[1, 3]. The fetoplacental unit has been implicated as a major source of maternal insulin 49 

resistance, which is rapidly reversed upon delivery [4]. Inadequate β-cell responsiveness add 50 

to the increased insulin resistance and leads to gestational diabetes mellitus which is 51 

associated with risk of type 2 diabetes mellitus (T2DM) [3, 5]. 52 

Several risk factors correlate highly with gestational diabetes, including advanced maternal 53 

age, fetal macrosomia in a previous pregnancy, obesity, and a family history of diabetes [6]. 54 

However, early pregnancy screening to identify women at risk for gestational diabetes [2, 7] 55 

or postpartum T2DM [3, 5] has not been successful. 56 

Metabolomics studies—comprehensive analysis of low-molecular-weight metabolites—have 57 

shown great promise in identifying novel pathways and early biomarkers of insulin resistance 58 

and T2DM [8, 9]. Several putative metabolic markers and pathways associated with insulin 59 

resistance and T2DM have been identified and validated, such as increased levels of 60 

branched-chain amino acids (BCAA) and related metabolites [10, 11]. Only a few studies 61 

have examined the metabolomics of hyperglycemia or gestational diabetes during pregnancy; 62 

however, the findings suggest that T2DM and gestational diabetes share similar features and 63 

that their metabolic signatures might partly overlap [12-15]. Thus, metabolomics may be 64 
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useful for identifying biomarkers and understanding the mechanistic underpinnings of 65 

gestational diabetes and increased risk for postpartum T2DM. 66 

No study has to our knowledge investigated the unique metabolic transition from a pregnant 67 

to a postpartum state and how it differs in women with normal glucose tolerance, women with 68 

risk factors for gestational diabetes who remain normoglycemic during pregnancy and women 69 

diagnosed with gestational diabetes. We hypothesized that women with gestational diabetes 70 

have a unique metabolic profile during the metabolic transition after pregnancy that might 71 

help explain pathophysiological mechanisms and potential biomarkers for their elevated risk 72 

of postpartum T2DM. 73 

  74 
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2. Material and Methods 75 

2.1. Sample Collection 76 

To study the postpartum metabolic transition, we included subjects that were sampled both 77 

during their third trimester (gestational week 32 ± 4) and postpartum (11 ± 3 months 78 

postpartum). Eleven women had gestational diabetes mellitus (GDM group), 24 had normal 79 

glucose tolerance (NGT group) and 21 were normoglycemic but at increased risk of GDM 80 

(NGT risk group) (Figure 1). The distribution of risk factors for GDM in the three groups is 81 

shown in Table 1. 82 

For the GDM group, we recruited pregnant women diagnosed with GDM at Sahlgrenska 83 

University Hospital, Gothenburg, Sweden according to the 1991 criteria of the European 84 

Association for the Study of Diabetes [16]: oral glucose tolerance test 2-hour plasma glucose 85 

≥10.0 mmol/l. Capillary blood was analyzed with a HemoCue Glucose+ Analyzer (HemoCue, 86 

momoCue, Sweden), and blood glucose concentrations were converted to equivalent plasma 87 

glucose concentrations [17]. These women were diagnosed at gestational week 26 ± 6 with an 88 

oral glucose tolerance test that showed 2-hour plasma glucose 10.9 ± 0.7 mmol/l. After 89 

diagnose they were treated to reach normoglycaemia.  90 

Women in the NGT-risk group were recruited at primary health care maternity clinics in the 91 

Pirkanmaa region, Finland [18]. Eligible women had at least one of the following risk factors 92 

at 8–12 weeks’ gestation: body mass index (BMI) ≥25 kg/m2, GDM or any signs of impaired 93 

glucose tolerance or a macrosomic newborn (≥4500 g) in any earlier pregnancy, type 1 or 2 94 

diabetes in first or second-degree relatives, or age ≥40 years. Exclusion criteria were an 95 

abnormal oral glucose tolerance test at baseline and type 1 or T2DM before pregnancy, use of 96 

neuroleptic drugs, and smoking. 97 

 98 
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The NGT group consisted of healthy, normoglycemic pregnant women of normal weight from 99 

the Gothenburg area, recruited through advertising at the local maternity wards. 100 

All women underwent clinical evaluations during their third trimester (gestational week 32 ± 101 

4) and postpartum (11 ± 3 months). Fasting blood samples were collected at each visit and 102 

analyzed for glucose, cholesterol, high-density lipoprotein (HDL), low-density lipoprotein 103 

(LDL), insulin, and free fatty acids (FFA). Samples from the GDM and NGT groups were 104 

analyzed at the accredited Clinical Chemistry Laboratory, Sahlgrenska University Hospital 105 

(SWEDAC ISO 15189). Samples from the NGT-risk group were analyzed at the UKK 106 

Institute for Health Promotion Research, Tampere (glucose, cholesterol, HDL) or the MCA 107 

Research Laboratory, Turku, Finland (LDL, insulin, FFA). An aliquot of EDTA plasma from 108 

all samples was frozen and stored at –80° C for metabolomics analysis. For analysis of insulin 109 

resistance, fasting insulin, glucose, and FFA levels were used to calculate the homeostatic 110 

model assessment (HOMA) [19] and insulin sensitivity, revised quantitative insulin 111 

sensitivity check index (revised QUICKI) [20].   112 

All participants received oral and written information on the study and gave written consent to 113 

participate. The studies were approved by the Regional Ethical Review Board, University of 114 

Gothenburg. (Dnr 402-08) and of Pirkanmaa Hospital District (Reference number R06230, 115 

19.1.2007). 116 

 117 

2.2. Sample Preparation and Metabolomics Analysis 118 

The run order and sample preparation were designed to minimize biases from sample 119 

collection site, sample preparation, and analysis that could confound the interpretation of the 120 

results. Samples from the same participant were prepared and analysed in close connection 121 

whilst keeping the internal sample order randomized. In total, 112 samples and 33 quality-122 

control samples were analyzed by gas chromatography–time-of-flight mass spectrometry 123 
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(GC-TOF/MS). Quality control samples, pooled from all included samples, were continuously 124 

analyzed. Before GC-TOF/MS analysis, serum metabolites were extracted with MeOH-H2O 125 

by a two-step derivatization procedure [21]. The samples were then injected into an Agilent 126 

6890 gas chromatograph equipped with a 10-m fused silica capillary column (inner diameter, 127 

0.18 mm) with a chemically bonded 0.18-µm DB 5-MS stationary phase (J&W Scientific, 128 

Folsom, CA). The column effluent was introduced into the ion source of a Pegasus III 129 

TOF/MS, GC-TOF/MS (Leco, St Joseph, MI). Drift removal and data normalization are 130 

described in the supplemental data. 131 

2.3. Data Processing  132 

To quantify and identify metabolites, we used an in-house MATLAB script. Putative 133 

metabolites were extracted by using unique mass channels and retention indices matched to 134 

our in-house mass spectral library at the Swedish Metabolomics Centre 135 

(www.swedishmetabolomicscentre.se). The data set was filtered to remove double peaks and 136 

noisy spectra, and only unique spectral profiles with a relative standard deviation (RSD) 137 

<40%, calculated from quality control samples, were included in sample comparison 138 

modeling. Criteria set by the Human Metabolome Database (www.HMDB.ca) were used to 139 

assign extracted components to different compound classes (amino acids and derivatives, 140 

BCAA, carbohydrates, lipids, or no class). 141 

2.4. Statistical Analysis 142 

Groupings, outliers, and trends were detected by principal components analysis (PCA). For 143 

each subject, the postpartum sample was subtracted from sample collected during pregnancy; 144 

missing data were excluded. Next, a variant of orthogonal partial least squares (OPLS) 145 

(OPLS) [22], OPLS-effect projections [23], was used to extract relevant metabolic profiles of 146 

the pregnancy to postpartum transition, based on paired analyses of the individual effects (i.e., 147 

the effect of the postpartum transition). Since each subject served as her own control, this 148 
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strategy minimizes the influence of instrumental drift, site differences, and interindividual 149 

variation [23]. 150 

To validate the multivariate models, P values for the differences between the predefined 151 

classes were calculated by analysis of variance (ANOVA) based on the cross-validated OPLS 152 

scores (CV-ANOVA); P < 0.05 was considered significant. Special consideration was taken 153 

to ensure proper cross-validation groups (i.e., that the same participant/replicate was kept in 154 

the same group) to reduce the risk of creating overfitted models. A metabolite was considered 155 

to contribute significantly to the metabolite profile if it was significantly altered according to 156 

the multivariate confidence interval, based on jack-knifing [24], and a significant univariate 157 

P-value, both on a 95% significance level. Univariate P values were calculated with the t test 158 

(sample size >20) or the Wilcoxon signed-rank test (sample size <20). 159 

 160 

 161 

 162 

  163 
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3. Results 164 

3.1. Clinical Measurements 165 

Clinical characteristics and measurements in the three cohorts during and after pregnancy are 166 

shown in Table 2. BMI during pregnancy was higher in the NGT-risk and GDM groups than 167 

in the NGT group (P < 0.01). Gestational weight gain was lowest in the GDM group (P < 168 

0.05 versus NGT-risk). Insulin resistance (HOMA-IR) was higher in the NGT-risk group than 169 

in the NGT group (P < 0.01), and insulin sensitivity (revised QUICKI) was lowest in the 170 

GDM group (P < 0.05 vs NGT). Postpartum, the NGT-risk and GDM groups still had 171 

significantly higher BMIs and higher waist-to-height ratios than the NGT group. 172 

The postpartum shift in clinical measurements is shown in Figure 2. In the NGT group, 173 

postpartum plasma glucose and revised QUICKI increased significantly, and HOMA and 174 

insulin levels decreased, indicating normalization of metabolic status (Figure 2). The NGT-175 

risk group also increased their postpartum plasma glucose, HOMA, and insulin, indicating 176 

normalization of blood glucose, but their insulin sensitivity decreased along with cholesterol. 177 

In the GDM group, postpartum glucose and revised QUICKI increased, indicating 178 

normalization of insulin sensitivity, but blood cholesterol and LDL were not lowered to the 179 

same extent as in the NGT group. 180 

The use of dietary supplements in the different groups is found in table S2.  It shows no 181 

differences in use of supplements between the different groups during pregnancy or 182 

postpartum. 183 

3.2. Postpartum Plasma Metabolic Profiles 184 

Initial inspection of the metabolic profiles by principal component analysis (PCA) did not 185 

reveal outliers in samples collected during pregnancy or postpartum. The largest systematic 186 

variations were related to diagnosis and sample collection site (i.e., the NGT -risk group was 187 

separated from the GDM and NGT groups in the first PC) (Figure S1). Since the sampling 188 
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was longitudinal, we focused on the postpartum metabolic transition profiles for the different 189 

diagnosis groups to circumvent differences in site from confounding of interpretation of the 190 

results. The postpartum metabolic profile of 66 identified putative metabolites is shown for 191 

NGT-risk and GDM groups in Supplemental Table S1. 192 

The postpartum metabolic transition models (OPLS-EP) were based on the difference 193 

between the pregnancy and postpartum values for each subject. Diagnosis-specific OPLS 194 

models (CV-ANOVA P > 0.001), which describe the metabolic profile of a postpartum 195 

transition, were significantly different for the NGT-risk and GDM groups (Figure 3) but not 196 

for the NGT group. Therefore, all findings related to the NGT group are from univariate 197 

analysis of single putative metabolites (Table S1). The predictability of the OPLS models 198 

(i.e., the percent of the total variation predicted by the calculated latent variable/OPLS 199 

component, Q2) was >75%, and two significant components, one predictive and one 200 

orthogonal, were extracted for each model. Only the predictive component (the systematic 201 

variation related to the postpartum transition) is shown in Figure 2. 202 

The postpartum metabolic transition profiles differed in the GDM and NGT-risk groups. In 203 

the GDM group, the BCAAs, tryptophan, ornithine, proline, lactose, and a number of hexoses 204 

increased significantly postpartum, while glutamic acid and cholesterol decreased 205 

significantly. Notably, among the BCAAs valine levels differed most between the study 206 

groups and also showed the most pronounced difference between samples collected during 207 

pregnancy and postpartum (Figure 4). Indeed, BCAAs did not differ between the NGT and 208 

GDM groups (collected at the same site) during pregnancy (P > 0.92), but all BCAAs differed 209 

significantly (P < 0.02) postpartum (Figure 4). 210 

Postpartum, asymmetric dimethylarginine and citrulline levels increased significantly in the 211 

GDM and NGT-risk groups but not in the NGT group (P > 0.27), and the level of 212 

polyunsaturated docosahexaeonic acid (DHA, 22:6n-3) decreased significantly in the GDM 213 

and NGT groups but not in the NGT-risk group. Also significantly reduced (P < 0.03) in the 214 
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NGT group were postpartum levels of palmitic acid (16:0) and three unsaturated 18C fatty 215 

acids, namely linoleic acid (18:2), elaidic acid (18:1, trans), and oleic acid (18:1, cis). In all 216 

women, threonine and allothreonine levels decreased and the ketoleucine level increased 217 

postpartum. The postpartum transition of all putative metabolites is shown in Table S1. 218 

  219 
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4. Discussion 220 

This study shows that women with GDM have a substantially different metabolic profile 221 

during the pregnancy to postpartum transition than women with NGT, including those at 222 

increased risk for GDM. Postpartum, the GDM group had a significant increase in the BCAAs 223 

(leucine, isoleucine, and valine) and a less pronounced normalization of circulating lipids. The 224 

increase was related to higher postpartum BCAA levels in the GDM group, since BCAAs did 225 

not differ between the GDM and the NGT group during pregnancy, in line with earlier studies 226 

[25, 26]. Postprandial BCAAs 6 weeks postpartum are also higher in insulin-treated women 227 

with GDM women than in NGT women [27].  These alterations in protein and lipid 228 

metabolism may point to pathophysiological mechanisms and potential biomarkers to predict 229 

the development of T2D, after GDM.  230 

Pregnancy entails an increased demand for energy, including amino acids, to enable the fetus 231 

and placenta to grow. Thus, normal pregnancy induces hypoaminoacidemia, which reduces 232 

BCAAs in the circulation, potentially to conserve nitrogen and increase protein synthesis 233 

aimed at conservation and accretion of nitrogen by the woman and the fetus [28]. This can 234 

explain the conflicting reports on BCAA levels during pregnancy [25, 26, 29]. Lindsay et al 235 

showed a decrease in two BCAAs during normal pregnancy, i.e. leucine and valine, 236 

suggesting that the amino acids should increase postnatally although no study before have 237 

investigated this transition [30]. We could not detect a significant postpartum increase in any 238 

of the BCAAs, in NGT or NGT risk groups. However we found a non-significant increase in 239 

BCAAs in the NGT group (data not shown). This might indicate that this study was too small 240 

to detect the increment back to prepregnancy levels postpartum. Another possibility is that 241 

postpartum normalization of BCAA among NGT individuals requires more time than 6-12 242 

months.  243 
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In women with postpartum GDM, increased levels of BCAAs, or other mitotoxic/lipotoxic 244 

metabolites from these amino acids, might increase risk for T2DM through their negative 245 

effects on β-cell function [31]. Insulin resistance can also be influenced by BCAA 246 

metabolites. 3-hydroxyisobutyrate (3-HIB), a catabolic intermediate of the BCAA valine, 247 

secreted from muscle cells, activates endothelial fatty acid transport, stimulates muscle fatty 248 

acid uptake in vivo, and promotes lipid accumulation in muscle, leading to insulin resistance 249 

[32]. 3- Hydroxyisobutyrate levels were higher in muscle from both db/db mice and humans 250 

with diabetes than in those without. The elevated valine levels in the GDM group can thus 251 

contribute to decreased insulin signaling and worsen insulin resistance. However, we could 252 

not find any significant postpartum alteration in 3-hydroxyisobutyrate (Table S1). 253 

 254 

We also found significant postpartum alterations in several other interesting amino acids. For 255 

example, alanine and arginine levels were increased postpartum in both the NGT-risk and the 256 

GDM groups, while leucine and proline were increased only in the GDM group. These amino 257 

acids stimulate insulin secretion and could thereby contribute to exhaustion of β-cells by 258 

causing endoplasmic reticulum stress [10, 33-35]. We also found increased levels of citrulline 259 

in the GDM and NGT-risk groups and of ornithine in the GDM group. Citrulline and 260 

ornithine concentrations increase in mice with diet-induced obesity associated with 261 

hyperglycemia, hyperinsulinemia, and nonalcoholic fatty liver disease [36]. Chronic elevation 262 

of these potential β-cell secretagogues might lead to loss of insulin secretion if inherited 263 

abnormalities of beta cell function or mass predispose to the development of diabetes. 264 

Insulin sensitivity (revised QUICKI) increased in absolute terms in both the NGT and GDM 265 

groups postpartum and was significantly lower in the GDM group and decreased in the NGT-266 

risk group. Concomitantly, insulin resistance (HOMA-IR) decreased postpartum in the NGT 267 

and the GDM groups but increased in the NGT-risk group. Notably, the revised QUICKI 268 

includes free fatty acid in modeling insulin sensitivity, resulting in a better correlation with 269 
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the clamp-based index of insulin sensitivity and greater discriminatory power in cases of mild 270 

insulin resistance [37, 38].  271 

The lack of a significant postpartum metabolic transition profile in the NGT group suggests 272 

that the metabolic shift is less pronounced in this group. Nevertheless certain lipid species 273 

decreased postpartum, suggesting normalization of lipid levels. Specifically, cholesterol, 274 

LDL, HDL, palmitic acid, three unsaturated 18C fatty acids, and DHA decreased. Similarly, 275 

in the NGT-risk group, cholesterol, LDL, and HDL decreased during the postpartum 276 

transition, but the fatty acids remained unchanged. In the GDM group, however, only 277 

postpartum cholesterol and DHA levels decreased. In line with this, we found several 278 

circulating lipids (LDL, HDL, cholesterol) that were significantly higher in women with 279 

GDM as compared to those with normal glucose tolerance during pregnancy. Elevated 280 

circulating lipids during late pregnancy, partly due to rising blood levels of lipolytic placental 281 

hormones, may be key for the increase in insulin resistance [39]. Chronic exposure of islets to 282 

elevated concentrations of fatty acids can also impair glucose-stimulated insulin secretion [40, 283 

41].  284 

A large body of evidence implicates lipids, BCAA and other amino acids in the development 285 

of tissue disorders, metabolic disease and insulin resistance. These findings suggest that these 286 

abnormalities are driven by the combined effects of lipids and BCAA or other amino acids. In 287 

addition, there might be interactions of excess BCAAs and lipids in the development of β-cell 288 

impairment. The metabolic basis for gradual dysregulation of glucose-stimulated insulin 289 

secretion in T2DM is not completely understood, in part because both lipids and amino acids 290 

have complex and similar effects on β-cells. Fatty acids can serve as amino acids or 291 

secretagogues and increase insulin secretion through a combination of messengers produced 292 

during metabolism and through activation of cell-surface G protein-coupled receptors [42, 293 

43]. In this way, chronic exposure of islets to elevated concentrations of fatty acids impairs 294 
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glucose-stimulated insulin secretion. The chain length, degree of unsaturation, and the spatial 295 

configuration of fatty acids influence their effects on β-cell function [44].  296 

A limitation of this study is the size of the GDM group. Importantly, this was considered in 297 

the multivariate analysis, in which each woman served as her own control during extraction of 298 

metabolic profiles. This strategy potentially increases statistical power by reducing site- and 299 

intra-individual biases that could confound the interpretation of the results. Also, nutritional 300 

and physical activity patterns are important factors that might influence the metabolic pattern 301 

and should be taken in consideration in future studies. 302 

In conclusion, our findings, especially the validity of BCAAs and lipids as potential 303 

pathophysiological factors explaining the development to T2DM, negatively affecting β-cell 304 

function and insulin sensitivity, need to be further validated in combination with clinical 305 

follow-up data on the actual development of T2DM. The ultimate goal is to develop clinical 306 

easy-to-use, widely applicable markers to prevent T2DM after GDM in at-risk-women.  307 

6. Acknowledgements and contribution statement 308 

E.C performed the metabolomics analysis and the multivariate statistics, wrote the manuscript 309 

and is the guarantor of this work. U.A.H analyzed clinical data and contributed to writing of 310 

manuscript, C.G collected and compiled clinical data. K.B reviewed and edited the 311 

manuscript and contributed to discussion. J.P compiled clinical data R.L collected clinical 312 

samples and contributed to the discussion. T.O wrote the manuscript and contributed to 313 

discussion. A.H designed the study, wrote the manuscript, collected clinical samples and is 314 

the guarantor of this work. We thank Stephen Ordway for editorial assistance. 315 

Disclosure statement: The authors have nothing to disclose. 316 

Funding: This work was supported by grants from Thuringsstiftelsen, the Novo Nordisk 317 

Foundation, the Swedish Research Council (No. 12206), the Swedish Diabetes Association 318 



16 
 

Research Foundation, the Swedish federal government under the LUA/ALF agreement, Inga-319 

Britt and Arne Lundbergs Foundation, the Freemasonry Barnhus Board in Gothenburg, and 320 

the Academy of Finland. 321 

 322 

 323 

REFERENCES 324 

[1] Butte NF. Carbohydrate and lipid metabolism in pregnancy: normal compared with gestational 325 
diabetes mellitus. American Journal of Clinical Nutrition. 2000;71:1256S-61S. 326 
[2] Hadden DR, McLaughlin C. Normal and abnormal maternal metabolism during pregnancy. 327 
Seminars in Fetal & Neonatal Medicine. 2009;14:66-71. 328 
[3] Di Cianni G, Miccoli R, Volpe L, Lencioni C, Del Prato S. Intermediate metabolism in normal 329 
pregnancy and in gestational diabetes. Diabetes-Metabolism Research and Reviews. 2003;19:259-70. 330 
[4] Desoye G, Mouzon SH-D. The human placenta in gestational diabetes mellitus. Diabetes Care. 331 
2007;30:S120-S6. 332 
[5] Goebl CS, Bozkurt L, Yarragudi R, Tura A, Pacini G, Kautzky-Willer A. Is early postpartum HbA1c an 333 
appropriate risk predictor after pregnancy with gestational diabetes mellitus? Acta Diabetologica. 334 
2014;51:715-22. 335 
[6] Guariguata L, Linnenkamp U, Beagley J, Whiting DR, Cho NH. Global estimates of the prevalence 336 
of hyperglycaemia in pregnancy. Diabetes research and clinical practice. 2014;103:176-85. 337 
[7] Correa PJ, Francisco Vargas J, Sen S, Illanes SE. Prediction Of Gestational Diabetes Early in 338 
Pregnancy: Targeting the Lorng-Term Complications. Gynecologic and Obstetric Investigation. 339 
2014;77:145-9. 340 
[8] Friedrich N. Metabolomics in diabetes research. Journal of Endocrinology. 2012;215:29-42. 341 
[9] Roberts LD, Koulman A, Griffin JL. Towards metabolic biomarkers of insulin resistance and type 2 342 
diabetes: progress from the metabolome. Lancet Diabetes & Endocrinology. 2014;2:65-75. 343 
[10] Newgard CB. Interplay between Lipids and Branched-Chain Amino Acids in Development of 344 
Insulin Resistance. Cell Metabolism. 2012;15:606-14. 345 
[11] Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, McCabe E, et al. Metabolite profiles and the 346 
risk of developing diabetes. Nature Medicine. 2011;17:448-U83. 347 
[12] Dudzik D, Zorawski M, Skotnicki M, Zarzycki W, Kozlowska G, Bibik-Malinowska K, et al. 348 
Metabolic fingerprint of Gestational Diabetes Mellitus. Journal of proteomics. 2014;103:57-71. 349 
[13] Enquobahrie DA, Denis M, Tadesse MG, Gelaye B, Ressom HW, Williams MA. Maternal Early 350 
Pregnancy Serum Metabolites and Risk of Gestational Diabetes Mellitus. The Journal of clinical 351 
endocrinology and metabolism. 2015;100:4348-56. 352 
[14] Ferrannini E, Natali A, Camastra S, Nannipieri M, Mari A, Adam KP, et al. Early metabolic markers 353 
of the development of dysglycemia and type 2 diabetes and their physiological significance. Diabetes. 354 
2013;62:1730-7. 355 
[15] Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF, et al. A branched-chain amino 356 
acid-related metabolic signature that differentiates obese and lean humans and contributes to 357 
insulin resistance. Cell Metab. 2009;9:311-26. 358 
[16] Lind T, Phillips PR. Influence of pregnancy on the 75-g OGTT. A prospective multicenter study. 359 
The Diabetic Pregnancy Study Group of the European Association for the Study of Diabetes. Diabetes. 360 
1991;40 Suppl 2:8-13. 361 
[17] Burnett RW, D'Orazio P, Fogh-Andersen N, Kuwa K, Kulpmann WR, Larsson L, et al. IFCC 362 
recommendation on reporting results for blood glucose. Clinica chimica acta; international journal of 363 
clinical chemistry. 2001;307:205-9. 364 



17 
 

[18] Luoto RM, Kinnunen TI, Aittasalo M, Ojala K, Mansikkamaki K, Toropainen E, et al. Prevention of 365 
gestational diabetes: design of a cluster-randomized controlled trial and one-year follow-up. BMC 366 
pregnancy and childbirth. 2010;10:39. 367 
[19] Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model 368 
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin 369 
concentrations in man. Diabetologia. 1985;28:412-9. 370 
[20] Brady LM, Gower BA, Lovegrove SS, Williams CM, Lovegrove JA. Revised QUICKI provides a 371 
strong surrogate estimate of insulin sensitivity when compared with the minimal model. 372 
International journal of obesity and related metabolic disorders : journal of the International 373 
Association for the Study of Obesity. 2004;28:222-7. 374 
[21] A J, Trygg J, Gullberg J, Johansson AI, Jonsson P, Antti H, et al. Extraction and GC/MS analysis of 375 
the human blood plasma metabolome. Analytical Chemistry. 2005;77:8086-94. 376 
[22] Trygg J, Wold S. Orthogonal projections to latent structures (O-PLS). Journal of Chemometrics. 377 
2002;16:119-28. 378 
[23] Jonsson P, Wuolikainen A, Thysell E, Chorell E, Stattin P, Wikstrom P, et al. Constrained 379 
randomization and multivariate effect projections improve information extraction and biomarker 380 
pattern discovery in metabolomics studies involving dependent samples. Metabolomics. 381 
2015;11:1667-78. 382 
[24] Efron BaG, G. A Leisurely Look at the Bootstrap, the Jack-knife, and Cross-validation.  The 383 
American Statistician. http://www.jstor.org/stable/2685844: American Statistical Association; 1983. 384 
p. 36-48. 385 
[25] Bentley-Lewis R, Huynh J, Xiong G, Lee H, Wenger J, Clish C, et al. Metabolomic profiling in the 386 
prediction of gestational diabetes mellitus. Diabetologia. 2015;58:1329-32. 387 
[26] Pappa KI, Vlachos G, Theodora M, Roubelaki M, Angelidou K, Antsaklis A. Intermediate 388 
metabolism in association with the amino acid profile during the third trimester of normal pregnancy 389 
and diet-controlled gestational diabetes. American journal of obstetrics and gynecology. 390 
2007;196:65.e1-5. 391 
[27] Butte NF, Hsu HW, Thotathuchery M, Wong WW, Khoury J, Reeds P. Protein metabolism in 392 
insulin-treated gestational diabetes. Diabetes Care. 1999;22:806-11. 393 
[28] Kalhan SC. Protein metabolism in pregnancy. The American journal of clinical nutrition. 394 
2000;71:1249s-55s. 395 
[29] Cetin I, de Santis MS, Taricco E, Radaelli T, Teng C, Ronzoni S, et al. Maternal and fetal amino 396 
acid concentrations in normal pregnancies and in pregnancies with gestational diabetes mellitus. 397 
American journal of obstetrics and gynecology. 2005;192:610-7. 398 
[30] Lindsay KL, Hellmuth C, Uhl O, Buss C, Wadhwa PD, Koletzko B, et al. Longitudinal Metabolomic 399 
Profiling of Amino Acids and Lipids across Healthy Pregnancy. PloS one. 2015;10:e0145794. 400 
[31] Lynch CJ, Adams SH. Branched-chain amino acids in metabolic signalling and insulin resistance. 401 
Nature reviews Endocrinology. 2014;10:723-36. 402 
[32] Jang C, Oh SF, Wada S, Rowe GC, Liu L, Chan MC, et al. A branched-chain amino acid metabolite 403 
drives vascular fatty acid transport and causes insulin resistance. Nat Med. 2016. 404 
[33] Liu Z, Jeppesen PB, Gregersen S, Chen X, Hermansen K. Dose- and Glucose-Dependent Effects of 405 
Amino Acids on Insulin Secretion from Isolated Mouse Islets and Clonal INS-1E Beta-Cells. The review 406 
of diabetic studies : RDS. 2008;5:232-44. 407 
[34] Muoio DM, Newgard CB. Mechanisms of disease:Molecular and metabolic mechanisms of insulin 408 
resistance and beta-cell failure in type 2 diabetes. Nature reviews Molecular cell biology. 2008;9:193-409 
205. 410 
[35] Newsholme P, Brennan L, Bender K. Amino acid metabolism, beta-cell function, and diabetes. 411 
Diabetes. 2006;55:S39-S47. 412 
[36] Sailer M, Dahlhoff C, Giesbertz P, Eidens MK, de Wit N, Rubio-Aliaga I, et al. Increased plasma 413 
citrulline in mice marks diet-induced obesity and may predict the development of the metabolic 414 
syndrome. PloS one. 2013;8:e63950. 415 

http://www.jstor.org/stable/2685844:


18 
 

[37] Perseghin G, Caumo A, Caloni M, Testolin G, Luzi L. Incorporation of the fasting plasma FFA 416 
concentration into QUICKI improves its association with insulin sensitivity in nonobese individuals. 417 
The Journal of clinical endocrinology and metabolism. 2001;86:4776-81. 418 
[38] Otten J, Ahren B, Olsson T. Surrogate measures of insulin sensitivity vs the hyperinsulinaemic-419 
euglycaemic clamp: a meta-analysis. Diabetologia. 2014;57:1781-8. 420 
[39] Sivan E, Boden G. Free fatty acids, insulin resistance, and pregnancy. Current diabetes reports. 421 
2003;3:319-22. 422 
[40] Boucher A, Lu D, Burgess SC, Telemaque-Potts S, Jensen MV, Mulder H, et al. Biochemical 423 
mechanism of lipid-induced impairment of glucose-stimulated insulin secretion and reversal with a 424 
malate analogue. The Journal of biological chemistry. 2004;279:27263-71. 425 
[41] Segall L, Lameloise N, Assimacopoulos-Jeannet F, Roche E, Corkey P, Thumelin S, et al. Lipid 426 
rather than glucose metabolism is implicated in altered insulin secretion caused by oleate in INS-1 427 
cells. The American journal of physiology. 1999;277:E521-8. 428 
[42] Latour MG, Alquier T, Oseid E, Tremblay C, Jetton TL, Luo J, et al. GPR40 is necessary but not 429 
sufficient for fatty acid stimulation of insulin secretion in vivo. Diabetes. 2007;56:1087-94. 430 
[43] Stein DT, Stevenson BE, Chester MW, Basit M, Daniels MB, Turley SD, et al. The insulinotropic 431 
potency of fatty acids is influenced profoundly by their chain length and degree of saturation. The 432 
Journal of clinical investigation. 1997;100:398-403. 433 
[44] Alstrup KK, Gregersen S, Jensen HM, Thomsen JL, Hermansen K. Differential effects of cis and 434 
trans fatty acids on insulin release from isolated mouse islets. Metabolism: clinical and experimental. 435 
1999;48:22-9. 436 

  437 



19 
 

Figure Legends 438 

Figure 1 – Study protocol. Flow chart illustrating included women that were either 439 

normoglycemic (NGT), normoglycemic with increased risk for developing gestational 440 

diabetes (NGT risk) or diagnosed with gestational diabetes (GDM) and time table for 441 

sampling. 442 

Figure 2—Postpartum shift in clinical measurements. Absolute changes in concentration 443 

from the third trimester (gestational week 32±0.6) to postpartum (10.5±0.4 months) for 444 

clinical measurements and mathematical models of insulin resistance (HOMA-IR) and insulin 445 

sensitivity (revised QUICKI). Values are mean ± SD. *P < 0.05 postpartum versus late 446 

pregnancy (paired ttest. #P < 0.05 (one-way ANOVA and Tukey posthoc test). 447 

Figure 3—Multivariate analysis. Diagnosis-specific OPLS models displaying the metabolic 448 

profile of the postpartum transition (OPLS model weights, w*[1]), i.e. the significantly altered 449 

plasma metabolites when comparing samples collected during the third trimester (gestational 450 

week 32±0.6) to those collected postpartum (10.5±0.4 months). (A) NGT -risk group. (B) 451 

GDM group. No significant model was obtained for the NGT group. Plasma components with 452 

positive axis values were higher postpartum and those with a negative axis values were lower 453 

than during pregnancy. Only components that were altered significantly postpartum are 454 

shown (significant by the OPLS multivariate 95% confidence interval (based on jack-knifing) 455 

and univariate P < 0.05 (paired t test). 456 

Figure 4—Branched-Chain Amino Acids. Relative concentrations of the branched-chain 457 

amino acids (BCAA, valine, leucine and isoleucine), detected by GC/MS- based 458 

metabolomics. All BCAAs were higher postpartum (black dots) in the gestational diabetes 459 

mellitus (GDM) group, P < 0.01) than during pregnancy (white dots). No significant 460 

postpartum alterations were detected in the normal glucose tolerance (NGT) or NGT-risk 461 

groups. All three BCAAs differed between NGT and GDM group postpartum (P < 0.02) and 462 
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valine and isoleucine differed between GDM and NGT-risk postpartum; no difference were 463 

seen during pregnancy. The unique mass channel for each amino acid used for quantification 464 

is stated on each y-axis. Red line indicates mean values and the grey box represent 95% 465 

standard deviation of the sampling distribution. 466 


