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Abstract

:

South Asians (SAs) have a higher risk of developing type 2 diabetes (T2D) than white Europeans, especially following gestational diabetes mellitus (GDM). Despite similar blood glucose levels post-GDM, SAs exhibit more insulin resistance (IR) than Nordics, though the underlying mechanisms are unclear. This study aimed to assess markers of adipose tissue (AT) IR and liver fat in SA and Nordic women post-GDM. A total of 179 SA and 108 Nordic women in Norway underwent oral glucose tolerance tests 1–3 years post-GDM. We measured metabolic markers and calculated the AT IR index and non-alcoholic fatty liver disease liver fat (NAFLD-LFS) scores. Results showed that normoglycaemic SAs had less non-esterified fatty acid (NEFA) suppression during the test, resembling prediabetes/T2D responses, and higher levels of plasma fetuin-A, CRP, and IL-6 but lower adiponectin, indicating AT inflammation. Furthermore, normoglycaemic SAs had higher NAFLD-LFS scores, lower insulin clearance, and higher peripheral insulin than Nordics, indicating increased AT IR, inflammation, and liver fat in SAs. Higher liver fat markers significantly contributed to the ethnic disparities in glucose metabolism, suggesting a key area for intervention to reduce T2D risk post-GDM in SAs.
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1. Introduction


South Asian individuals are at higher risk of type 2 diabetes compared with their counterparts of white European descent [1,2], especially when living in high-income countries, such as Norway [3]. South Asians often develop type 2 diabetes 5–15 years earlier than white Europeans and at a lower body mass index (BMI) [2,4]. Furthermore, type 2 diabetes risk after gestational diabetes mellitus may be higher in South Asians compared to white Europeans [5,6].



We recently reported that, amongst women who remained normoglycaemic after gestational diabetes mellitus, South Asian women had lower hepatic insulin clearance (HIC) and lower insulin secretion relative to insulin resistance compared with their Nordic counterparts [7]. The metabolic phenotype of these normoglycaemic South Asians was comparable to the Nordic women who had progressed to prediabetes/type 2 diabetes [7]. However, the mechanisms behind the higher risk for type 2 diabetes after gestational diabetes mellitus in South Asians remain incompletely understood [1,8].



South Asians tend to have higher insulin resistance, lower beta-cell insulin secretion, and more ectopic fat in the liver than age- and BMI-matched white Europeans [1,2,4,9]. Ectopic lipid deposition is believed to be a major factor in the development of insulin resistance [10,11]. Ectopic lipids in the liver are strongly related to increased non-esterified fatty acids (NEFAs) release from adipose tissue [10,11,12]. Higher levels of NEFAs are seen with increased adipose tissue inflammation and adipocyte insulin resistance, often as a result of energy surplus [13]. NEFA may then accumulate in the liver and initiate non-alcoholic fatty liver disease (NAFLD) [14], and increase concentrations of lipid intermediates that ultimately block the insulin receptor pathway in hepatocytes [11,15]. Hepatocellular insulin resistance enhances gluconeogenesis and raises glucose production beyond the body’s needs [11,15]. In addition, increased pre-hepatic insulin levels in response to insulin resistance may facilitate lipogenesis in the liver and reduced first-pass insulin clearance that may lead to hyperinsulinaemia [16].



Furthermore, increased NEFA availability and ectopic liver fat may upregulate the expression of hepatokines, such as fetuin-A [17]. Fetuin-A may activate adipocyte Toll-like receptor 4 (TLR4) signalling and induce insulin resistance in adipocytes [18,19,20]. Hence, there seems to be inter-tissue communication between the adipose tissue and the liver in insulin resistance [10,11,17]. We have previously shown that fetuin-A may mediate the difference in adipose tissue insulin resistance between South Asians and Nordics with overt type 2 diabetes [21]. However, similar data on women without type 2 diabetes are lacking.



Here, we analysed South Asian and Nordic women up to three years after gestational diabetes mellitus, who had either remained normoglycaemic or had progressed to prediabetes/type 2 diabetes. We assessed ethnic differences in NEFA suppression during an oral glucose tolerance test (OGTT) as a marker of adipose tissue insulin resistance. We also assessed the markers of liver fat content and adipose tissue inflammation and measured plasma fetuin-A levels to obtain indications of adipose tissue and liver crosstalk for diabetes risk in South Asians.




2. Materials and Methods


As described in detail previously [3,7], the DIAbetes in South Asians 1 (DIASA 1) study was approved by the South-Eastern Norway Regional Committee for Medical and Health Research Ethics (reference number: 2018/689). All participants gave written informed consent. Briefly, DIASA 1 included women from the Oslo area in Norway. The women had previous gestational diabetes mellitus according to the WHO 1999 [22] or modified International Association of Diabetes and Pregnancy Study Group (IADPSG) criteria [23] one to three years before investigation. Inclusion criteria were adulthood (age equal to or above 18 years) and South Asian or Nordic ethnic origin. Exclusion criteria were new pregnancies after the index pregnancy, exclusive breastfeeding at the time of examination, known diabetes before the index pregnancy or at the time of examination, ongoing inflammatory or serious disease, or a history of major surgical procedures less than three months before inclusion. DIASA 1 included in total 287 (110 Pakistani, 33 Indian, 5 Bangladeshi, 31 Sri Lankan, 101 Norwegian, 3 Swedish, 3 Danish, and 1 Icelandic) women.



At the study visit, all women underwent a 5-point OGTT with 75 g of anhydrous glucose in the morning after at least eight hours of fasting. Blood was collected at 0, 15, 30, 60, and 120 min during the OGTT in cooled sodium fluoride tubes for glucose analysis and kept on ice until centrifugation at 4 degrees Celsius, and serum-separating tubes were used for analyses of insulin and C-peptide, and centrifuged after 30 min. Serum and plasma were separated for immediate analyses or frozen at minus 80 degrees Celsius for later analyses. We also measured height, weight, waist, and hip circumferences, while clinical data were retrieved from medical records.



Plasma glucose was analysed by enzymatic photometry (Roche Diagnostics, Mannheim, Germany), and serum insulin was analysed by electrochemiluminescence immunoassay (Cobas e601, Roche Diagnostics). The coefficients of variation (CoV) were 2.5% and 7%, for glucose and insulin, respectively. Plasma NEFA was analysed by an in-house enzymatic colourimetric method, and the CoV was 5.0%. One woman did not donate blood samples for NEFA analysis. Serum leptin levels were measured using an enzyme-linked immunosorbent assay (ELISA) kit (Mediagnost) with a CoV of 10%. Serum adiponectin levels were measured using a competitive radioimmunoassay kit (Merck Millipore, Burlington, MA, USA) and had a CoV of 6.6%. Plasma high-sensitive C-reactive protein (hsCRP) levels were measured using an in-house particle-enhanced immunoturbidimetry method with a CoV of 6%. Plasma interleukin-6 (IL-6) levels were measured using the Elecsys IL-6 kit (electrochemiluminescence immunoassay (ECLIA)) from Roche Diagnostics, and the CoV was 5%. Plasma fetuin-A levels were measured using Human Fetuin A Quantikine ELISA Kit (R&D Systems). The CoV was 7.4%.



The NAFLD liver fat score (NAFLD-LFS) was calculated by the following formula: −2.89 + 1.18 × (metabolic syndrome [24]: yes = 1, no = 0) + 0.45 × (type 2 diabetes: yes = 2, no = 0) + 0.15 × (fasting serum insulin, mU/L) + 0.04 × (ASAT, IU/L) − 0.94 × (ASAT/ALT). We chose the NAFLD-LFS as our main index of liver fat because of its superior prediction of 1H-MRS measured liver fat content and validation in low-risk populations for NAFLD [24]. Furthermore, NAFLD-LFS has also been validated in some Asian populations (Koreans [24] and Indian Asians [25]). However, NAFLD-LFS correlated with high significance with other liver fat indexes (Supplementary Table S1). The AT-IR index was calculated as fasting insulin (pmol/L) x NEFA concentrations (mmol/L) [20,21]. A high index score indicates adipose tissue insulin resistance.



Prediabetes was defined according to the WHO International Expert Committee criteria; fasting plasma glucose 6.1–6.9 mmol/L or 2 h plasma glucose 7.8–11.0 mmol/L or HbA1c 42–47 mmol/mol (6.0–6.4%) [22,26]. Diabetes was defined according to the internationally agreed criteria (HbA1c ≥ 48 mmol/mol and/or fasting plasma glucose ≥ 7.0 mmol/L and/or 2 h plasma glucose ≥ 11.1 mmol/L), but a diagnostic value was not confirmed by a second test [27,28].



Group comparisons were performed using Wilcoxon ranked tests. Differences in time responses to the OGTT between South Asians and Nordics were modelled using random intercept mixed models from the lme4 R package. The total area under the curve (AUC) was calculated using the trapezoid rule. Bivariate correlations were performed using Spearman’s ranked test. OGTT data are presented as medians and interquartile ranges (IQR), group comparisons are presented as box plots, and bivariate correlations are presented as scatter plots. We corrected for multiple testing using the Benjamini–Hochberg method, accepting a false discovery rate of 10% (a maximum of 1 out of 10 false positive results). We used multiple regression to test if a covariable (e.g., plasma fetuin-A levels) affected the association between ethnicity and a particular outcome (e.g., the AT-IR index). The p-value for the explained effect was estimated using the mediation R package with 1000 bootstraps. We used R version 4.1.3.




3. Results


At a median (IQR) of 16.5 (12.1) months after delivery, 31% of South Asian (total n = 178) and 53% of Nordic (total n = 108) women had a normal OGTT (Table 1 and Supplementary Table S2). South Asian women had higher parity, more first-degree family members with diabetes, and fewer years of education than Nordic women (Table 1). Body mass index (BMI) did not differ between the groups, but normoglycaemic South Asian women had higher waist–height ratios (WHtR). South Asian women were slightly younger than Nordic women (Table 1).



3.1. Markers of Adipose Tissue Insulin Resistance


Fasting plasma NEFA concentrations were similar between South Asian and Nordic women with normoglycaemia, but the decrease in NEFA concentrations in response to the OGTT was steeper for Nordics than South Asians, and NEFA concentrations were subsequently higher in South Asians than Nordics at 15, 30, and 60 min (Figure 1A). In comparison, plasma NEFA concentrations during the OGTT were similar between South Asian and Nordic women with prediabetes/type 2 diabetes, except for slightly higher levels in South Asians than in Nordics at 120 min (Figure 1B). The response pattern in normoglycaemic South Asians was similar to the response pattern in women with prediabetes/type 2 diabetes (Figure 1A vs. Figure 1B).



We then analysed the adipose tissue insulin resistance curve, which describes the constant product of peripheral plasma insulin and NEFA levels during the OGTT (Figure 2). We noticed that the curve for South Asians with normoglycaemia was moved up and to the right compared to that of Nordics with normoglycaemia, thus approaching the curves for women with prediabetes/type 2 diabetes (Figure 2A).



Another way of visualizing the relationship between plasma NEFA and insulin levels is by calculating the AT-IR index (product of insulin and NEFA levels). The AT-IR index was higher in South Asians than in Nordics, both in the normoglycaemic and prediabetes/type 2 diabetes groups (Figure 2B,C). No significant difference was observed between normoglycaemic South Asians and Nordics with prediabetes/type 2 diabetes.




3.2. Markers of Adipose Tissue Inflammation and Fat Mass


Plasma concentrations of hsCRP, IL-6, and leptin were higher in South Asians than in Nordics with normoglycaemia, but similar between the ethnicities in the prediabetes/type 2 diabetes group (Supplementary Table S3). Plasma adiponectin levels were lower in South Asians than in Nordics in both the normoglycaemic and prediabetes/type 2 diabetes groups (Supplementary Table S3). Spearman’s correlations implied that the AT-IR index was positively associated with plasma levels of hsCRP, IL-6, and leptin and negatively associated with plasma adiponectin levels (Supplementary Table S4).




3.3. Markers of Liver Fat and Insulin Resistance and Associations with Post-Prandial Glucose Levels


South Asians displayed a higher NAFLD-LFS score than Nordics, both in the normoglycaemic and prediabetes/type 2 diabetes groups (Figure 3 A,B). The NAFLD-LFS score correlated to post-prandial (AUC) plasma NEFA concentrations (Figure 3C). Normoglycaemic South Asians displayed higher post-prandial (AUC OGTT) glucose levels than normoglycaemic Nordics (7%, p = 0.008), and the NAFLD-LFS score explained 74.1% of the ethnic difference in post-prandial (AUC OGTT) plasma glucose concentrations (Supplementary Figure S1). Similar results were obtained when running the same analysis in the normoglycaemic and prediabetes/type 2 diabetes groups separately. The explanatory effect of the NAFLD-LFS score on glucose levels was not present when substituting post-prandial with fasting glucose (p = 0.09) but persisted when substituting with 2 h glucose levels (p = 0.004).




3.4. Fetuin-A and Adipose Tissue Insulin Resistance


Plasma fetuin-A concentration was higher in South Asians with normoglycaemia than in Nordics with normoglycaemia (Figure 4A), but it was similar between the ethnicities for women with prediabetes/type 2 diabetes (Figure 4B). Plasma fetuin-A concentrations correlated positively with the AT-IR index across all women (Figure 4C). In multiple regression analysis, plasma fetuin-A levels explained 10.0% of the ethnic difference in the AT-IR index.



As demonstrated in several recent publications [18,19,20], we also observed that the association between plasma fetuin-A levels and the AT-IR index was stronger with increasing fasting plasma NEFA concentrations [standardized beta (Bstd) = 0.11 and p = 0.034 increase in the AT-IR index per standard deviation increase in plasma fetuin-A levels interacted with fasting NEFA levels (mcg/mL × mmol/L)]. The results were Bstd = 0.10 and p = 0.045 when substituting fasting for post-prandial (AUC) NEFA levels.





4. Discussion


The main results in this study were that despite normoglycaemia, South Asian women displayed higher adipose tissue insulin resistance than Nordic women when examined 1–3 years after gestational diabetes mellitus. Pregnancy can be regarded as a ‘metabolic stress test’ [29], and alterations related to gestational diabetes mellitus are strongly associated with future risk of type 2 diabetes, hypertension, hyperlipidaemia, and cardiovascular disorders [29]. Based on our data, this risk seems stronger for South Asian than Nordic women.



Increased adipose tissue insulin resistance, as captured by the AT-IR index, and increased plasma NEFA levels were associated with a marker of higher liver fat content, plasma fetuin-A levels, and impaired post-prandial glucose response in South Asians. Adipose tissue excess and dysfunction are believed to be major pathogenic factors in the development of type 2 diabetes [10], in particular in people of South Asian origin [21]. Hence, it is interesting that normoglycaemic South Asians displayed clear signs of adipose tissue insulin resistance, as indicated by the impaired suppression of NEFA levels during the OGTT. Both plasma NEFAs themselves, but perhaps more importantly, plasma NEFA levels relative to plasma insulin levels are clear indicators of adipose tissue insulin resistance [30]. We observed that, in normoglycemic South Asian women, the relationship curve between plasma NEFA and insulin levels was more similar to that seen in women with prediabetes/type 2 diabetes. This further suggests that South Asian normoglycemic women experience adipose tissue insulin resistance.



Several studies now indicate that adipose tissue insulin resistance may be a consequence of adipose tissue hypertrophy/hyperplasia and inflammation [10,11,31]. Although we did not measure these factors directly, we observed increased plasma IL-6, hsCRP, and leptin levels and decreased plasma adiponectin levels in normoglycaemic South Asians. Plasma IL-6, hsCRP, and leptin were positively correlated, whereas plasma adiponectin levels were negatively correlated to markers of adipose tissue insulin resistance. These results are in line with previous studies [32,33,34]. Hence, our data imply that adipose tissue insulin resistance in normoglycaemic South Asians may be related to adipose tissue hypertrophy/hyperplasia and inflammation [10,11,31].



Adipose tissue insulin resistance, and thus increased lipolysis instead of lipid storage in the post-prandial state, is a major contributor to ectopic lipid deposition, especially in the liver [10,11,35]. Although we did not direct quantify liver fat content, we calculated the NAFLD-LFS index for liver fat. We chose NAFLD-LFS because it was designed based on 1H magnetic resonance imaging [36] and validated in low-risk populations for NAFLD [24] and some Asian populations (Koreans [24] and Indian Asians [25]). However, NAFLD-LFS was strongly correlated to other indexes of liver fat content. As expected, we observed high NAFLD-LFS scores in normoglycaemic South Asians and clear associations between NAFLD-LFS and plasma NEFA levels. Furthermore, NAFLD-LFS explained most of the ethnic differences in post-prandial glucose levels in our data. This is interesting because increased liver fat may lead to the accumulation of lipid intermediates, such as sn1,2-diacylglycerol, that block insulin signalling and increase gluconeogenesis [10,37]. Hence, our data indicate that insulin resistance related to pregnancy may influence metabolic disturbances other than just glucose levels, such as lipid metabolism [38]. A post-partum follow-up of, e.g., triglycerides levels [29] could help to identify women at increased risk for type 2 diabetes and related complications.



Although our data indicate that a surplus of NEFAs from adipose tissue may affect the liver, our data also indicate that liver metabolism could influence adipose tissue insulin resistance through hepatokine secretion [17]. Plasma levels of the hepatokine fetuin-A were elevated in normoglycaemic South Asians and explained 10% of the ethnic difference in adipose tissue insulin resistance. The relationship between fetuin-A and adipose tissue insulin resistance was also stronger at higher NEFA levels. These observations match several reports that demonstrated an interaction between fetuin-A and fatty acids to induce adipose tissue insulin resistance [18,19,20]. A growing body of evidence is now linking fetuin-A to adipose tissue insulin resistance by inducing TLR4 signalling [17,18,19,20,21], which might seem especially important in South Asians [21]. Our data are also in line with indications of a ‘vicious cycle’ between enhanced lipolysis, increased liver fat content, and NEFA-induced fetuin-A expression [39] that in turn worsens adipose tissue insulin resistance and lipolysis.



Strengths of our study include a unique study population, a decent sample size, and several layers of data to indicate adipose tissue and liver crosstalk in insulin resistance. Although we have women in a range from normoglycaemia to prediabetes/type 2 diabetes, the cross-sectional design is a limitation, and our data cannot imply causality. The women were recruited from outpatient clinics and thus represent a high-risk population, which might limit generalizability. Also, most of our data are based on indirect measures, such as indexes for insulin resistance and liver fat content. The preferred methods would have been the hyperinsulinaemic euglycaemic clamp to quantify insulin resistance, and 1H magnetic resonance imaging to measure liver fat content. Harvesting adipose tissue and skeletal muscle biopsies would have provided important tissue-specific data. Future studies should also aim to include Nordic and South Asian women without previous gestational diabetes mellitus. Furthermore, no data on exercise and diet were collected for the groups in this study, and differences in diet and exercise could potentially explain some of the observed ethnic differences in metabolic outcomes.




5. Conclusions


South Asian women with normoglycaemia investigated 1–3 years after gestational diabetes mellitus displayed increased adipose tissue insulin resistance and elevated markers of liver fat content, as compared to Nordic women with normoglycaemia. The normoglycaemic South Asian women displayed similar metabolic profiles as women with prediabetes/type 2 diabetes. These novel observations may partly explain the increased risk for type 2 diabetes after gestational diabetes mellitus in South Asian women. However, more research is needed to examine adipose tissue function and morphology in South Asians vs. Nordics and their change with weight gain.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/metabo14050288/s1; Supplementary Figure S1, Supplementary Tables S1–S4. Supplementary Figure S1. Marker of liver fat content and influence on post-prandial glucose levels. Supplementary Table S1. Correlations between the NAFLD liver fat score (NAFLD-LFS) and other liver fat indexes. Supplementary Table S2. Plasma glucose and insulin responses to the 2-hour oral glucose tolerance test. Supplementary Table S3. Ethnic differences in cytokine levels. Supplementary Table S4. Correlations between AT-IR and cytokines.





Author Contributions


A.A.S.K. wrote the first draft of the manuscript. E.Q., C.S., H.L.G., S.T.S., I.N., N.S., J.G. and K.I.B. contributed to the design. A.S. and T.M.T. researched the data. A.A.S.K. and S.L.-Ø. performed the statistical analyses. K.I.B. and all members of the steering committee contributed to the study protocol and aided in data acquisition. K.I.B. supervised the study performance and is the guarantor of this work and, as such, had full access to all the data in the study and took responsibility for the integrity of the data and the accuracy of the data analysis. All authors contributed to the analysis or interpretation of data for the work and revised the manuscript critically. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Research Council of Norway, grant number 273252. The study funder was not involved in the design of the study; the collection, analysis, and interpretation of data; writing of the manuscript; and did not impose any restrictions regarding the publication of the manuscript. S.L.-Ø is supported by the Novo Nordisk Fonden Excellence Emerging Grant in Endocrinology and Metabolism 2023 (NNF23OC0082123).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the South-Eastern Norway Regional Committee for Medical and Health Research Ethics (reference number: 2018/689).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The original contributions presented in the study are included in the article/supplementary material, and further inquiries can be directed to the corresponding author.




Acknowledgments


We would like to dedicate this paper to the memory of Cecilie Wium, who passed away before completion of this study. The authors would also like to thank the women who participated in the study, the study nurses Åshild Stavik, Åse Halsne, Jesini Anurathan, and Karin Pleym, and study coordinator Ellen Hillestad for invaluable help in the recruitment and examination of the participants. We would also like to the librarian, Åse Marit Hammersbøen, and the statistician Ragnhild S. Falk, for assistance with various aspect of this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Narayan, K.M.V.; Kanaya, A.M. Why are South Asians prone to type 2 diabetes? A hypothesis based on underexplored pathways. Diabetologia 2020, 63, 1103–1109. [Google Scholar] [CrossRef] [PubMed]

	



Sattar, N.; Gill, J.M. Type 2 diabetes in migrant south Asians: Mechanisms, mitigation, and management. Lancet Diabetes Endocrinol. 2015, 3, 1004–1016. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Nermoen, I.; Qvigstad, E.; Tran, A.T.; Sommer, C.; Sattar, N.; Gill, J.M.R.; Gulseth, H.L.; Sollid, S.T.; Birkeland, K.I. High prevalence and significant ethnic differences in actionable HbA1C after gestational diabetes mellitus in women living in Norway. BMC Med. 2022, 20, 318. [Google Scholar] [CrossRef] [PubMed]

	



Ke, C.; Narayan, K.M.V.; Chan, J.C.N.; Jha, P.; Shah, B.R. Pathophysiology, phenotypes and management of type 2 diabetes mellitus in Indian and Chinese populations. Nat. Rev. Endocrinol. 2022, 18, 413–432. [Google Scholar] [CrossRef] [PubMed]

	



Vounzoulaki, E.; Khunti, K.; Abner, S.C.; Tan, B.K.; Davies, M.J.; Gillies, C.L. Progression to type 2 diabetes in women with a known history of gestational diabetes: Systematic review and meta-analysis. BMJ 2020, 369, m1361. [Google Scholar] [CrossRef]

	



Dennison, R.A.; Chen, E.S.; Green, M.E.; Legard, C.; Kotecha, D.; Farmer, G.; Sharp, S.J.; Ward, R.J.; Usher-Smith, J.A.; Griffin, S.J. The absolute and relative risk of type 2 diabetes after gestational diabetes: A systematic review and meta-analysis of 129 studies. Diabetes Res. Clin. Pract. 2021, 171, 108625. [Google Scholar] [CrossRef]

	



Sharma, A.; Lee-Ødegård, S.; Qvigstad, E.; Sommer, C.; Sattar, N.; Gill, J.M.R.; Gulseth, H.L.; Sollid, S.T.; Nermoen, I.; Birkeland, K.I. β-Cell Function, Hepatic Insulin Clearance, and Insulin Sensitivity in South Asian and Nordic Women After Gestational Diabetes Mellitus. Diabetes 2022, 71, 2530–2538. [Google Scholar] [CrossRef]

	



Abbasi, J. MASALA Study Probes Why People With South Asian Ancestry Have Increased Cardiovascular Disease Risks. JAMA 2022, 328, 511–514. [Google Scholar] [CrossRef]

	



Iliodromiti, S.; McLaren, J.; Ghouri, N.; Miller, M.R.; Dahlqvist Leinhard, O.; Linge, J.; Ballantyne, S.; Platt, J.; Foster, J.; Hanvey, S.; et al. Liver, visceral and subcutaneous fat in men and women of South Asian and white European descent: A systematic review and meta-analysis of new and published data. Diabetologia 2023, 66, 44–56. [Google Scholar] [CrossRef]

	



Roden, M.; Shulman, G.I. The integrative biology of type 2 diabetes. Nature 2019, 576, 51–60. [Google Scholar] [CrossRef]

	



Petersen, M.C.; Shulman, G.I. Mechanisms of Insulin Action and Insulin Resistance. Physiol. Rev. 2018, 98, 2133–2223. [Google Scholar] [CrossRef] [PubMed]

	



Sattar, N.; McGuire, D.K.; Gill, J.M.R. High Circulating Triglycerides Are Most Commonly a Marker of Ectopic Fat Accumulation: Connecting the Clues to Advance Lifestyle Interventions. Circulation 2022, 146, 77–79. [Google Scholar] [CrossRef] [PubMed]

	



Skurk, T.; Alberti-Huber, C.; Herder, C.; Hauner, H. Relationship between adipocyte size and adipokine expression and secretion. J. Clin. Endocrinol. Metab. 2007, 92, 1023–1033. [Google Scholar] [CrossRef] [PubMed]

	



Musso, G.; Cassader, M.; Rosina, F.; Gambino, R. Impact of current treatments on liver disease, glucose metabolism and cardiovascular risk in non-alcoholic fatty liver disease (NAFLD): A systematic review and meta-analysis of randomised trials. Diabetologia 2012, 55, 885–904. [Google Scholar] [CrossRef] [PubMed]

	



Raddatz, K.; Frangioudakis, G.; Diakanastasis, B.; Liao, B.M.; Leitges, M.; Schmitz-Peiffer, C. Deletion of protein kinase Cε in mice has limited effects on liver metabolite levels but alters fasting ketogenesis and gluconeogenesis. Diabetologia 2012, 55, 2789–2793. [Google Scholar] [CrossRef] [PubMed]

	



Najjar, S.M.; Abdolahipour, R.; Ghadieh, H.E.; Jahromi, M.S.; Najjar, J.A.; Abuamreh, B.A.M.; Zaidi, S.; Kumarasamy, S.; Muturi, H.T. Regulation of Insulin Clearance by Non-Esterified Fatty Acids. Biomedicines 2022, 10, 1899. [Google Scholar] [CrossRef] [PubMed]

	



Stefan, N.; Schick, F.; Birkenfeld, A.L.; Häring, H.U.; White, M.F. The role of hepatokines in NAFLD. Cell Metab. 2023, 35, 236–252. [Google Scholar] [CrossRef] [PubMed]

	



Stefan, N.; Haring, H.U. Circulating fetuin-A and free fatty acids interact to predict insulin resistance in humans. Nat. Med. 2013, 19, 394–395. [Google Scholar] [CrossRef] [PubMed]

	



Pal, D.; Dasgupta, S.; Kundu, R.; Maitra, S.; Das, G.; Mukhopadhyay, S.; Ray, S.; Majumdar, S.S.; Bhattacharya, S. Fetuin-A acts as an endogenous ligand of TLR4 to promote lipid-induced insulin resistance. Nat. Med. 2012, 18, 1279–1285. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Norheim, F.; Gulseth, H.L.; Langleite, T.M.; Kolnes, K.J.; Tangen, D.S.; Stadheim, H.K.; Gilfillan, G.D.; Holen, T.; Birkeland, K.I.; et al. Interaction between plasma fetuin-A and free fatty acids predicts changes in insulin sensitivity in response to long-term exercise. Physiol. Rep. 2017, 5, e13183. [Google Scholar] [CrossRef]

	



Lee-Ødegård, S.; Ueland, T.; Thorsby, P.M.; Aukrust, P.; Michelsen, A.E.; Halvorsen, B.; Drevon, C.A.; Birkeland, K.I. Fetuin-A mediates the difference in adipose tissue insulin resistance between young adult pakistani and norwegian patients with type 2 diabetes. BMC Endocr. Disord. 2022, 22, 208. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Definition, Diagnosis and Classification of Diabetes Mellitus and Its Complications: Report of a WHO Consultation. Part 1, Diagnosis and Classification of Diabetes Mellitus. Available online: https://apps.who.int/iris/handle/10665/66040 (accessed on 30 November 2020).

	



Norwegian Directorate of Health. Nasjonal Faglig Retningslinjer Svangerskapsdiabetes [National Guidelines Gestational Diabetes Mellitus]. Available online: https://www.helsedirektoratet.no/retningslinjer/svangerskapsdiabetes (accessed on 30 August 2020).

	



Jung, T.Y.; Kim, M.S.; Hong, H.P.; Kang, K.A.; Jun, D.W. Comparative Assessment and External Validation of Hepatic Steatosis Formulae in a Community-Based Setting. J. Clin. Med. 2020, 9, 2851. [Google Scholar] [CrossRef] [PubMed]

	



Bhatt, S.P.; Misra, A.; Nigam, P.; Guleria, R.; Pasha, M.A. Phenotype, Body Composition, and Prediction Equations (Indian Fatty Liver Index) for Non-Alcoholic Fatty Liver Disease in Non-Diabetic Asian Indians: A Case-Control Study. PLoS ONE 2015, 10, e0142260. [Google Scholar] [CrossRef]

	



The International Expert Committee. International Expert Committee Report on the Role of the A1C Assay in the Diagnosis of Diabetes. Diabetes Care 2009, 32, 1327. [Google Scholar] [CrossRef] [PubMed]

	



American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2021. Diabetes Care 2021, 44, S15. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization (WHO). Use of Glycated Haemoglobin (HbA1c) in Diagnosis of Diabetes Mellitus: Abbreviated Report of a WHO Consultation. Available online: https://apps.who.int/iris/handle/10665/70523 (accessed on 25 October 2021).

	



Catalano, P.M. Obesity, insulin resistance, and pregnancy outcome. Reproduction 2010, 140, 365–371. [Google Scholar] [CrossRef] [PubMed]

	



Jocken, J.W.E.; Goossens, G.H.; Boon, H.; Mason, R.R.; Essers, Y.; Havekes, B.; Watt, M.J.; van Loon, L.J.; Blaak, E.E. Insulin-mediated suppression of lipolysis in adipose tissue and skeletal muscle of obese type 2 diabetic men and men with normal glucose tolerance. Diabetologia 2013, 56, 2255–2265. [Google Scholar] [CrossRef]

	



Hill, A.A.; Reid Bolus, W.; Hasty, A.H. A decade of progress in adipose tissue macrophage biology. Immunol. Rev. 2014, 262, 134–152. [Google Scholar] [CrossRef]

	



Peters, M.J.; Ghouri, N.; McKeigue, P.; Forouhi, N.G.; Sattar, N. Circulating IL-6 concentrations and associated anthropometric and metabolic parameters in South Asian men and women in comparison to European whites. Cytokine 2013, 61, 29–32. [Google Scholar] [CrossRef] [PubMed]

	



Sommer, C.; Jenum, A.K.; Waage, C.W.; Mørkrid, K.; Sletner, L.; Birkeland, K.I. Ethnic differences in BMI, subcutaneous fat, and serum leptin levels during and after pregnancy and risk of gestational diabetes. Eur. J. Endocrinol. 2015, 172, 649–656. [Google Scholar] [CrossRef]

	



Forouhi, N.G.; Sattar, N.; McKeigue, P.M. Relation of C-reactive protein to body fat distribution and features of the metabolic syndrome in Europeans and South Asians. Int. J. Obes. Relat. Metab. Disord. 2001, 25, 1327–1331. [Google Scholar] [CrossRef]

	



Holt, H.B.; Wild, S.H.; Wood, P.J.; Zhang, J.; Darekar, A.A.; Dewbury, K.; Poole, R.B.; Holt, R.I.G.; Phillips, D.I.; Byrne, C.D. Non-esterified fatty acid concentrations are independently associated with hepatic steatosis in obese subjects. Diabetologia 2006, 49, 141–148. [Google Scholar] [CrossRef] [PubMed]

	



Kotronen, A.; Peltonen, M.; Hakkarainen, A.; Sevastianova, K.; Bergholm, R.; Johansson, L.M.; Lundbom, N.; Rissanen, A.; Ridderstråle, M.; Groop, L.; et al. Prediction of non-alcoholic fatty liver disease and liver fat using metabolic and genetic factors. Gastroenterology 2009, 137, 865–872. [Google Scholar] [CrossRef] [PubMed]

	



ter Horst, K.W.; Gilijamse, P.W.; Versteeg, R.I.; Ackermans, M.T.; Nederveen, A.J.; la Fleur, S.E.; Romijn, J.A.; Nieuwdorp, M.; Zhang, D.; Samuel, V.T.; et al. Hepatic Diacylglycerol-Associated Protein Kinase Cε Translocation Links Hepatic Steatosis to Hepatic Insulin Resistance in Humans. Cell Rep. 2017, 19, 1997–2004. [Google Scholar] [CrossRef] [PubMed]

	



Barbour, L.A. Metabolic Culprits in Obese Pregnancies and Gestational Diabetes Mellitus: Big Babies, Big Twists, Big Picture: The 2018 Norbert Freinkel Award Lecture. Diabetes Care 2019, 42, 718–726. [Google Scholar] [CrossRef] [PubMed]

	



Dasgupta, S.; Bhattacharya, S.; Biswas, A.; Majumdar, S.S.; Mukhopadhyay, S.; Ray, S.; Bhattacharya, S. NF-kappaB mediates lipid-induced fetuin-A expression in hepatocytes that impairs adipocyte function effecting insulin resistance. Biochem. J. 2010, 429, 451–462. [Google Scholar] [CrossRef]








[image: Metabolites 14 00288 g001] 





Figure 1. Plasma non-esterified fatty acid (NEFA) concentrations during the oral glucose tolerance test. (A) Plasma NEFA concentrations in normoglycaemic women and (B) in women with prediabetes/type 2 diabetes. + p < 0.05 interaction effect between the ethnic groups from time 0. * p < 0.05, and *** p < 0.001 ethnic group difference. Data are medians with interquartile ranges. NO = Nordic. SA = South Asian. Blue colour and solid line = Nordics with normoglycaemia. Red colour with stapled line = South Asians with normoglycaemia. Light blue colour with solid line = Nordics with prediabetes/type 2 diabetes. The light red colour and stapled line = South Asians with prediabetes/type 2 diabetes. 
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Figure 2. Adipose tissue insulin resistance index. (A) Plasma non-esterified fatty acid (NEFA) vs. insulin concentrations during the oral glucose tolerance test. The black arrows indicate that the curve for normoglycaemic South Asians is shifted upwards to the right compared to normoglycaemic Nordics, approaching the curves for the prediabetes/type 2 diabetes groups. The coloured dots represent each women. (B) The adipose tissue insulin resistance index (AT-IR), the product of fasting NEFA and insulin levels, in normoglycaemic women and (C) women with prediabetes/type 2 diabetes. NO = Nordic. SA = South Asian. Box plots show medians, 25–75 percentiles, and min/max ranges. ** p < 0.01, and *** p < 0.001 ethnic group difference. 
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Figure 3. A marker of liver fat content. (A) The non-alcoholic fatty liver disease liver fat score (NAFLD-LFS) in Nordic and South Asian women with normoglycaemia and (B) prediabetes/type 2 diabetes. (C) A scatter plot of NAFLD-LFS scores and post-prandial (pp) non-esterified fatty acid (NEFA) concentration (area under the curve (AUC) from the oral glucose tolerance test (OGTT)). * p < 0.05 and *** p < 0.001. Box plots show medians, 25–75 percentiles, and min/max ranges. NO = Nordic. SA = South Asian. 
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Figure 4. Fetuin-A. (A) Plasma fetuin-A concentrations in Nordic and South Asian women with normoglycaemia and (B) prediabetes/type 2 diabetes. (C) A scatter plot of adipose tissue insulin resistance (AT-IR) indexes as a function of plasma fetuin-A concentrations. * p < 0.05, and *** p < 0.001. Box plots show medians, 25–75 percentiles, and min/max ranges. NO = Nordic. SA = South Asian. 
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Table 1. Subject characteristics.
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Normoglycaemia

	
p

	
Prediabetes/Type 2 Diabetes

	
p




	
Nordics

	
South Asians

	
Nordics

	
South Asians






	
Participants, n (%)

	
57/108 [52.7]

	
55/178 [30.9]

	
51/108 [47.2]

	
123/178 [69.1]

	
<0.001 *




	
Age (years)

	
36.7 (4.9)

	
34.4 (3.9)

	
<0.001

	
36.2 (4.8)

	
34.6 (4.2)

	
0.031




	
Years since index pregnancy

	
1.4 [0.9]

	
1.3 [1.2]

	
0.093

	
1.6 [1.1]

	
1.3 [1.0]

	
0.159




	
HbA1c (mmol/mol)

	
35.0 (0.3)

	
36.6 (0.5)

	
<0.001

	
38.0 (0.6)

	
40.4 (0.4)

	
0.004




	
HbA1c (%)

	
5.4 (2.1)

	
5.5 (2.2)

	

	
5.6 (2.2)

	
5.8 (2.2)

	




	
Weight [kg]

	
72.0 [24.0]

	
68.8 [17.6]

	
<0.001

	
86.0 [21.0]

	
72.9 [19.3]

	
<0.001




	
Height (cm)

	
167.9 (6.0)

	
158.1(6.0)

	
<0.001

	
165.8 (6.0)

	
160.0 (6.6)

	
<0.001




	
BMI [kg/m2]

	
25.5 [8.4]

	
27.6 [5.4]

	
0.663

	
31.9 [6.9]

	
28.8 [6.4]

	
0.007




	
Waist circumference (cm)

	
92.2 (14.3)

	
93.6 (12.6)

	
0.777

	
100.5 (12.4)

	
97.9 (11.5)

	
0.185




	
Waist–hip ratio

	
0.87 (0.09)

	
0.88 (0.06)

	
0.018

	
0.89 (0.08)

	
0.91 (0.07)

	
0.069




	
Waist–height ratio

	
0.55 (0.86)

	
0.59 (0.77)

	
0.002

	
0.61 (0.08)

	
0.61 (0.07)

	
0.657




	
Total cholesterol (mmol/L)

	
4.24 (0.82)

	
4.2 (0.6)

	
0.358

	
4.3 (0.8)

	
4.4 (0.7)

	
0.397




	
ASAT (U/L)

	
20.7 (4.3)

	
24.3 (5.9)

	
0.004

	
23.8 (7.7)

	
24.2 (5.2)

	
0.685




	
ALAT (U/L)

	
16.3 (6.1)

	
20.4 (9.1)

	
0.065

	
22.8 (13.9)

	
22.1 (8.4)

	
0.668




	
Parity (no.)

	
1.7 (0.7)

	
2.1 (1.0)

	
<0.001

	
1.7 (0.7)

	
2.2 (1.0)

	
0.001




	
Prior GDM (yes/no [%])

	
9/57 [16]

	
13/54 [24]

	
0.100

	
15/51 [29]

	
42/121 [35]

	
0.503




	
Family history of diabetes (yes/no [%])

	
10/46 [22]

	
38/51 [75]

	
<0.001

	
12/45 [27]

	
87/117 [74]

	
<0.001




	
Insulin use in pregnancy (yes/no [%])

	
11/57 [19]

	
19/55 [35]

	
0.138

	
23/51 [45]

	
53/123 [43]

	
0.809




	
Years of education

	
17.2 (2.8)

	
14.4 (3.3)

	
<0.001

	
16.3 (3.1)

	
15.0 (3.5)

	
0.022




	
Smoking

	

	

	
<0.001

	

	

	
<0.001




	
Daily (yes/no [%])

	
1/57 (1.8)

	
2/55 (3.6)

	

	
7/51 (13.7)

	
2/123 (1.6)

	




	
Earlier (yes/no [%])

	
18/57 (31.6)

	
2/55 (3.6)

	

	
20/51 (39.2)

	
2/123 (1.6)

	




	
Never (yes/no [%])

	
38/57 (66.7)

	
51/55 (92.7)

	

	
24/51 (47.1)

	
119/123 (96.8)

	




	
Alcohol consumption

	

	

	
<0.001

	

	

	
<0.001




	
Weekly (yes/no [%])

	
18/57 (31.6)

	
1/55 (1.8)

	

	
10/51 (19.6)

	
2/123 (1.6)

	




	
Less than weekly (yes/no [%])

	
38/57 (66.7)

	
8/55 (14.6)

	

	
38/51 (74.5)

	
12/123 (9.8)

	




	
Never (yes/no [%])

	
1/57 (1.8)

	
46/55 (83.6)

	

	
3/51 (5.9)

	
109/123 (88.6)

	








Data are mean (standard deviation) or median [interquartile range] or numbers [per cent, %], as appropriate. No. = numbers. Family history = first-degree relative with diabetes. GDM = gestational diabetes before index pregnancy. ASAT = aspartate transaminase. ALAT = alanine transaminase. p = p-value from a Wilcoxon’s rank test or a Student t-test, as appropriate. * Fisher’s exact test for numbers.
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