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Background: India is witnessing an epidemic of type 2 diabetes. Overweight/obesity, overnutrition, physical inactivity, and family history are well-known risk factors for diabetes. We investigated the role of undernutrition in the development of diabetes among rural adolescent girls.

Methods: DERVAN cohort study was set up in the KONKAN region of the western Indian state of Maharashtra. It enrolled 1,520 adolescent girls (16–18 years old at the time of enrollment). We measured glycemic parameters (glucose, insulin, and HbA1C) and body size using anthropometry and body composition using bioimpedance. Prediabetes was diagnosed using the American Diabetic Association (ADA) criteria. We also calculated various HOMA indices for insulin resistance (HOMA-IR), β-cell function (HOMA-β), insulin sensitivity (HOMA-S), and compensatory β-cell response using a homeostasis model. BMI, body fat%, and waist circumferences were treated as exposures and all the glycemic parameters and indices as outcomes.

Results: The median age of the subjects was 16.6 years. The median weight, height, and BMI were 40.7 kg, 151.7 cm, and 17.5 kg/m2, respectively. Prevalence of underweight was 28.8%, and stunting was observed in 30.4%. Thinness and obesity using BMI were observed in 58.4% and 4.2%, respectively. The median body fat% was 22.5, and excess body fat (>35%) was observed in 5.7%. The prevalence of prediabetes was 39.4%. Fasting insulin concentrations, HOMA-IR, and HOMA-β showed a positive trend across body composition quartiles (p < 0.001). HOMA-S and compensatory β-cell response showed an inverse trend (p < 0.001). Compared with prediabetic girls in the overweight/obese group, girls most undernourished group had lower median insulin concentrations (8.1 μIU/ml vs. 17.1 μIU/ml), lower HOMA-IR (1.1 vs. 2.3), and lower HOMA-β (75.6 vs. 129.2) but higher sensitivity (87.4 vs. 43.7) (p < 0.001) for all.

Conclusion: We have reported a high prevalence of prediabetes among rural adolescent girls with a very low prevalence of obesity. Prediabetes in obesity is driven by hyperinsulinemia and overworking of the pancreas while poor β-cell function and poor insulin secretion are major drivers in the undernourished group. The high-risk diabetes screening programs are much needed for the undernourished populations. Caution should be exercised for planning the interventions as overfeeding (or overnutrition) is likely to put the populations at risk of development of obesity and insulin resistance.
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Introduction

Diabetes is a global public health problem with an evident burden in developing countries such as India (1). This phenomenon is predominantly seen in urban India which has witnessed rapid nutrition and lifestyle transition over the last three decades. Prediabetes (PD) is an intermediate state of hyperglycemia with glucose levels above normal but below the diabetic threshold. There are also some recent studies from India showing an increase in not only diabetes but also PD among adolescents (2, 3). In a global report of 16 studies, the prevalence of PD ranged from 3.3% to 14.3% (4). In a meta-analysis of 52 studies analyzing comorbidities among children aged 5 to18 years, the prevalence of PD was 1.4 times higher in overweight/obese than in healthy individuals (5). There are some reports (6, 7) showing that the prevalence of type 2 diabetes (T2D) among children and adolescents is increasing in some ethnic groups. In a recent report from the US, approximately one of five adolescents and one of four adults have PD (8). Obesity is the main driving force in the development of T2D in the developed world. The old-fashioned synergy between lifestyle, obesity, and diabetes risk now needs to be revisited as there is an increasing prevalence of diabetes in undernourished populations from developing countries (9, 10). There have been recent attempts to study the pathophysiology of T2D in undernourished populations. In low- and middle-income countries (LMICs), the onset of diabetes occurs at a much earlier age and in those with low body mass index (BMI) (11). Recent reviews have identified the role of defective insulin secretion in the pathophysiology as opposed to peripheral insulin resistance observed in classical diabetes (12, 13). A longitudinal cohort study in undernourished rural adolescents found elevated glucose levels in early childhood among young adults diagnosed with glucose intolerance (14).

Undernutrition has been prevalent for many generations in the KONKAN region of the western Indian state of Maharashtra (15), but at the same time, non-communicable diseases (NCD) are on the rise (16). DERVAN cohort is a prospective cohort study of rural adolescent girls of 16–18 years old in the KONKAN region exploring the association among physical growth, nutrition, cognition in adolescence and the risk of developing NCDs (in particular diabetes) in the mothers and their offspring. The detailed protocol of the cohort study has been described earlier (17). This manuscript discusses glycemic parameters among adolescent girls at the recruitment stage of the DERVAN cohort.



Methods


Laboratory

Adolescent girls were brought to the institute for residential camp in groups of five to seven to ensure overnight fasting. Many of them were also accompanied by their parents. Fasting and 2-h postprandial blood samples were obtained from the girls the next morning. Random blood samples were obtained from the accompanying parent. HbA1C was measured using high-performance liquid chromatography (Bio-Rad D10; Bio-Rad Laboratories, Hercules, CA) calibrated against the National Glycosylated Standardization Program with a coefficient of variation (CV) of 2.8%. Blood samples were centrifuged (4°C, 3,000 rpm for 15 min) within 1 h of collection and stored at −80°C for further investigations. Blood glucose was measured on ERBA 200 with the intra- and interbatch CVs of <5%. Fasting insulin was measured on Abbott Architect i1000SR with a CV of 2.0%.



Anthropometry and body composition

Height, weight, and circumferences (head, mid-upper arm, waist and hip) were measured using standardized protocols. Body composition was measured using a bioimpedance MC-780 analyzer (TANITA Corporation, Japan).



Definitions

Impaired fasting glucose (IFG) was defined as fasting glucose of ≥100 mg/dl and <126 mg/dl. Elevated HbA1C was defined as HbA1C of ≥5.7% and <6.5%. We used American Diabetic Association (ADA) (18) criteria for defining PD i.e. either IFG or elevated HbA1C. Individuals with fasting glucose of ≥126 mg/dl or HbA1C of ≥6.5% were classified as diabetic (18). Normal glucose tolerance (NGT) was defined as fasting glucose of <100 mg/dl. Postprandial hyperglycemia refers to postprandial glucose of ≥140 mg/dl. Insulin resistance (HOMA-IR), insulin sensitivity (HOMA-S) and β–cell function (HOMA-β) were calculated using the homeostasis model assessment (19). We estimated compensatory β-cell response by calculating (HOMA-S) * (HOMA-β)/100 (14). Underweight and stunting were defined using the World Health Organization (WHO) growth charts for weight and height (20). Thinness and obesity were defined by the criteria laid down by the International Obesity Task Force (IOTF) (21). Adiposity was defined as body fat% of ≥35 (14) and central obesity using age-specific standard deviation (SD) score cutoff of 0.55, which corresponds to the 70th percentile for waist circumference (22). Parents with no history of diabetes but random blood glucose of ≥200 mg/dl were classified as individuals with T2D.



Statistical methods

Each variable was tested for normality using the Kolmogorov–Smirnov test. Those found not normal were appropriately transformed. The data are represented by median (25th-75th percentile). Categorical variables are represented by frequency and percentage. For statistical analysis, body composition parameters (BMI, body fat% and waist circumference) were treated as exposures. Glycemic parameters, indices and PD were treated as outcomes. We created quartiles of exposures. We further divided fourth quartile of each exposure into two groups (non-obese and overweight/obese for BMI, non-adipose and adipose for body fat% and normal and centrally obese for waist circumference) thus eventually creating the 5 groups of each of the exposures. Group 1 and group 5 represented lower and higher extremes of each of the exposure. Anthropometry, glycemic parameters, HOMA indices and PD prevalence were compared across the five groups of each exposure using linear regression or logistic regression as appropriate. Interaction (2 way and 3 way) between body composition exposures (BMI, body fat%, and waist circumference) for outcomes (fasting glucose/PD) were tested by including appropriate product terms in linear or logistic regression. Comparison between groups was performed using the t-test/ANOVA/Kruskal–Wallis test/chi-square test as appropriate. Statistical software SPSS V25.0 and STATA 13.0 were used for the analysis.



Ethics

The study was approved by the Institute Ethics Committee of BKL Walawalkar Rural Medical College and Hospital. Our institute ethics committee (EC/755/INST/MH/2015/RR-18) is registered with the Department of Health Research (DHR) Government of India. Appropriate written informed consent was obtained from the adolescent girls who were 18 years old at the time of recruitment. For those below 18 years of age, written informed consent was obtained from the parents and written informed assent was obtained from the adolescent girl. Additional consent was also obtained from parents for their own blood and clinical investigations.




Results

We enrolled 1,520 adolescent girls between June 2019 and February 2023. Body composition measurements were taken for 1,400 subjects. Those diagnosed with diabetes (n = 5) were excluded. Thus, our analysis was performed on a sample of 1,395 girls.

The basic characteristics (anthropometry, body composition, glycemia and family history of T2D) of the adolescent girls are shown in Table 1.


TABLE 1 Anthropometry, body composition, glycemia and family history in adolescent girls (n = 1,395).
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Anthropometry

The median age at enrollment was 16.6 years. The median weight, height and BMI were 40.7 kg, 151.7 cm and 17.5 kg/m2 respectively. Using the WHO classification, 28.8% were classified as underweight and 30.4% were stunted. Thinness and overweight/obese using the IOTF standards were observed in 58.4% and 4.2% respectively. The median waist circumference, hip circumference and waist-to-hip ratio were 62.1 cm, 83.2 cm and 0.751 respectively. Only 1.7% of the girls were centrally obese.



Body composition

The median lean mass and fat mass were 29.5 kg and 8.8 kg respectively. The median body fat% was 22.5 and 5.7% of the girls had body fat% of >35.



Glycemia

The median fasting glucose, HbA1C and insulin concentrations were 95.4 mg/dl, 5.3% and 8.6 μIU/ml respectively. IFG was diagnosed in 31.0% and elevated HbA1C in 13.8%. A total of 39.4% of the girls had PD. The median values for various glycemic indices calculated using the homeostasis model were 1.2 for HOMA-IR, 94.5 for HOMA-β, 86.1 for HOMA-S and 79.6 for compensatory β-cell response. We were able to collect postprandial blood samples only in 1,226 girls. Median postprandial glucose concentration was 102.0 mg/dl and only 15 (1.2%) had postprandial hyperglycemia. Out of these 11 were IFG.



Family history

Parents (144 fathers, 507 mothers) of 547 adolescent girls reported to the institute for blood investigations; 7 fathers and 14 mothers were known diabetic and 4 fathers and 5 mothers were newly diagnosed with diabetes.


Anthropometry and body composition between PD and NGT

Table 2 shows a comparison of anthropometric and body composition parameters among girls with PD and NGT. BMI and waist circumference were similar. Waist-to-hip ratio was significantly higher in those with PD (p = 0.041). All the remaining parameters were similar.


TABLE 2 Anthropometry and body composition between girls with PD and NGT (n = 1,395).
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Anthropometry, body composition and glycemic parameters

Table 3 shows anthropometric and glycemic parameters across five BMI groups. Anthropometric and body composition parameters except height showed a positive trend across the BMI groups. Fasting glucose concentrations, HbA1C and the proportion of those with PD were similar across the five groups. Fasting insulin concentrations, HOMA-IR and HOMA-β showed a positive trend across the BMI groups (p < 0.001 for all). HOMA-S and compensatory β-cell response showed an inverse trend (p < 0.001 for both). Similar results were obtained when we used other exposures such as body fat% (Supplementary Table 1) and waist circumference (Supplementary Table 2).


TABLE 3 Anthropometry and glycemia according to BMI (n = 1,395).
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We also compared glycemic parameters between girls with PD and NGT in each of the five groups of BMI (Figure 1). In each group, those diagnosed with PD had significantly lower HOMA-β, lower HOMA-S, and lower compensatory β-cell response but higher HOMA-IR and higher insulin concentrations. This was also true when we used other exposures such as body fat% (Supplementary Figure 1) and waist circumference (Supplementary Figure 2).


[image: Figure 1]
FIGURE 1
 Glycemic parameters of PD and NGT adolescent girls across the BMI quartiles. Q1, Q2, Q3, and Q4 are quartiles of BMI. Q4 is further divided into two groups of normal BMI and those overweight/obese; p-value by the Kruskal–Wallis test. Data are represented by median values.




Glycemia among undernourished and overnourished prediabetics

We also compared glycemic parameters among girls with PD in the two extremes of the exposures. In the case of BMI, girls with PD in the most undernourished group (Q1) when compared to girls with PD in the overweight/obese group had significantly lower insulin concentrations (8.1 μIU/ml vs. 17.0 μIU/ml), lower insulin resistance (1.1 vs. 2.3), lower β-cell function (75.6 vs. 129.2) but higher sensitivity (87.4 vs. 43.7) (p < 0.001 for all) (Figure 1). Similar results were obtained when we compared girls with PD in extreme groups of other exposures such as body fat% (Supplementary Figure 1) and waist circumference (Supplementary Figure 2).



Interaction between body composition parameters for fasting glucose/PD

Using continuous data, there was no statistically significant 2-way interaction between BMI and body fat%, BMI and waist circumference and body fat% and waist circumference for fasting glucose concentrations. The three-way interaction between BMI, body fat% and waist circumference was also not significant. Using a categorical approach, there were no statistically significant interactions (2 way or 3 way) for PD.





Discussion

We have described glycemic parameters in rural adolescent girls aged 16 to18 years in the KONKAN region. Prevalence of obesity (using BMI), adiposity (using body fat%) and central obesity (using waist circumference) was very low. The proportion of girls with PD was 39.4% and postprandial hyperglycemia was observed only in 1.2%. Prediabetes has been characterized by the simultaneous presence of insulin resistance and β-cell dysfunction abnormalities that start before glucose changes are detectable (23). According to DeFronzo et al. (24) impaired glucose tolerance (IGT) is characterized by severe muscle insulin resistance with mild hepatic insulin resistance, while IFGs are by severe hepatic insulin resistance with normal or near-normal muscle insulin sensitivity. The possible explanation for fasting hyperglycemia in our study could be due to compensatory hepatic efflux as suggested by Turner et al. (25). There are many reports about PD among Indian adolescents with wide variations in prevalence estimates. A study on 185 hostel students from the northern Indian city of Kanpur reported a PD prevalence of 32.5% (26). A prevalence of 6.8% was reported in a small study from a rural area of the southern Indian state of Tamil Nadu (27). Another study from the same state reported an increased prevalence of PD at follow-up (28). There were also three reports from the city of Chennai. A study among overweight and obese adolescents reported a prevalence of 11.7% (29). Another study among 1,519 children (6–11 years old) and (12–19 years old) found a prevalence of 3.7%, but it was very high at 12.7% in girls with abdominal obesity. Waist circumference and BMI were the main determinants (3). A longitudinal study among adolescents reported an increase in the incidence of PD from 3.7% at baseline to 13.6% at a median follow-up of 7 years (30). A study in another southern Indian state of Karnataka among children and adolescents aged 6–18 years admitted at tertiary care hospitals reported a PD prevalence of 20.4% (31). A cohort study from India has also reported a high prevalence of 20% in 18 year old adolescent girls (14). Recently concluded Comprehensive National Nutrition Survey (2) found a prevalence of 8.4% among adolescent girls where an HbA1C of >5.8% cutoff was used for diagnosis. We used ADA criteria as it has been shown to improve the parity between IFG and IGT (32).

Girls in our cohort are undernourished, yet have a high prevalence of PD. In most of the studies on PD in adolescents, the subjects were either overweight or obese. Our study is being carried out in a region witnessing undernutrition from birth to adolescence (15) as well as in adulthood (33). In our data, we have observed an increasing trend for HOMA-IR and β-cell function and a decreasing trend for insulin sensitivity across varying BMI, body fat% and waist circumference groups. The major pathophysiology for T2D in undernourished people is impaired pancreatic insulin secretion and rapid β-cell failure as against insulin resistance observed in obese people (10, 13). Poor insulin secretion has been ascribed to poor β-cell mass as suggested by the concept of Developmental Origins of Health and Disease (DOHAD) by David Barker where children who have been exposed to undernutrition during fetal life and in the early postnatal period develop a risk of T2D in adulthood (34). Thus, PD in our girls might have early life origins. When we compared girls with PD and NGT in each BMI group, girls with PD had significantly lower β-cell function and insulin sensitivity. In our study, we found the lowest insulin concentration in those with low BMI. Recently, a study by Yajnik et al. (35) from India identified a subgroup of individuals with severely insulin-deficient diabetes (SIDD), which was characterized by early onset, low insulin secretion, relatively low BMI and poor metabolic control. There is also another report from India (10) where insulin secretory capacity in lean/low BMI adult individuals with diabetes was lowest when compared with individuals with T2D or controls but higher than those with type 1 diabetes. None of the girls in our analysis are diabetic but the high prevalence of PD coupled with similar findings found in the above reports (10, 35) indicates that these girls are already at risk of developing T2D unlike classical T2D driven by insulin resistance.

β-cell secretory capacity and age-related insulin insensitivity were identified as causes of glucose intolerance among young adults in a longitudinal cohort study (14). Our study is also longitudinal but has a cross-sectional nature at the first stage of cohort recruitment. We also found similar results (decreasing β-cell response and insulin sensitivity) in our girls with PD across all the BMI groups. The prevalence of overweight/obesity (4.2%) as well as central obesity (1.7%) was very low. We used the quartile approach for balanced statistical comparisons. As expected, we observed higher insulin resistance, lower β-cell function and hyperinsulinemia in overweight/obese girls indicating overload on the pancreas but overweight/obese girls with PD had higher insulin resistance with higher β-cell function and low insulin sensitivity when compared with their NGT counterparts. This indicated failure of compensatory mechanisms which is usually seen in obese people.

Studies report a conversion rate from PD to diabetes of ~5–10%, which varies in different populations and by definition of PD (36–38). Several lifestyle and drug intervention trials among prediabetic adults have shown a reduction in subsequent diabetes risk (38, 39). Prediabetes or diabetes in overweight/obese people is driven by increased insulin resistance. Weight loss and lifestyle modifications have shown reversal to normoglycemia in overweight/obese populations. But similar strategies in undernourished populations might aggravate the situation leading to bone loss and sarcopenic obesity (13). Therefore, strategies to contain diabetes among undernourished populations should focus on the restoration of insulin sensitivity as we cannot improve insulin secretion due to fetal programming. In addition to this, insulin sensitivity is known to decrease in pregnancy. An appropriate drug or nutritional intervention will be beneficial for the prevention of T2D as well as gestational diabetes (GDM) in the current generation and their offspring. Micronutrients are known to play a role in glucose metabolism and insulin signaling (40, 41). The nutritional intervention strategies should focus on ensuring not only adequate macronutrients but also micronutrients.

Data were collected at the recruitment stage of the cohort, where measurement of glucose was taken only once. Only when we have glucose measurements at subsequent follow-ups, we will be able to study the evolution of glucose tolerance.

There are some limitations in our study. We did not do the oral glucose tolerance test (OGTT); hence, we could not assess IGT and first-phase insulin secretion in our girls. Our study sample consists only of girls; hence, we cannot generalize our findings.



Conclusion

To summarize, the subjects in our analysis sample are younger and non-diabetic but still have a high prevalence of PD with poor insulin levels. High-risk screening programs for diabetes should also concentrate on the undernourished populations. Caution should be exercised for planning the interventions to restore insulin sensitivity. Overfeeding only macronutrients is likely to put the populations at risk of developing insulin resistance leading to T2D in future. Only systematic follow-up of our cohort will tell us about the causality of diabetes in the undernourished.
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