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Abstract 

Context 

Hispanic women are at elevated risk of gestational glucose intolerance and postpartum type 

2 diabetes compared to non-Hispanic White women. Identification of potentially modifiable 

factors contributing to this trajectory of beta-cell dysfunction is warranted. 

Objective 

To determine the association between rate of gestational weight gain (rGWG) and glucose-

insulin metabolism in Hispanic pregnant women with overweight and obesity. 

Design  

Cross-sectional, observational study conducted between 2018-2020. 

Setting 

Clinical research center at University of California, Irvine. 

Participants 

Thirty-three non-diabetic Hispanic pregnant women at 28-30 weeks’ gestation with pre-

pregnancy body mass index (BMI) 25.0-34.9 kg/m2. 

Interventions 

A standardized liquid mixed-meal was consumed after an overnight fast. Serial blood 

samples were collected at fasting and up to two hours postprandial. 

Main outcome measures 

The glucose and insulin area-under-the-curve (AUC), insulin sensitivity index (ISI) and 

insulin secretion sensitivity index (ISSI)-2 were computed. 
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Results 

Average rGWG (0.36±0.22 kg/week) was classified as excessive in 60% of women. While 

rGWG was not associated with the glucose or insulin AUC or ISI, it did account for 13.4% of 

the variance in ISSI-2 after controlling for covariates (maternal age, parity and pre-

pregnancy BMI); for each one unit increase in rGWG, ISSI-2 decreased 2.1 units (p=0.015).  

Conclusions 

Even in the absence of gestational diabetes, rGWG was inversely associated with beta-cell 

function in a high-risk population of Hispanic pregnant women with overweight and obesity. 

Beta-cell decline is an established risk factor for transition to type-2 diabetes, and these 

cross-sectional findings highlight rGWG as a potentially modifiable contributor to this 

process.  

 

Keywords: 

Beta-cell function; gestational weight gain; glucose-insulin metabolism; insulin sensitivity; 

maternal overweight/obesity; pregnancy. 
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Introduction 

Pregnancy is a state of progressive insulin resistance which is compensated by increased 

insulin secretion (1). When pancreatic beta-cell compensation fails, hyperglycemia occurs 

and gestational diabetes mellitus (GDM) develops (2). Hyperglycemia in pregnancy exists 

along a continuum, and even in the absence of overt GDM, mildly impaired glycemic control 

is associated with adverse pregnancy and child health outcomes (3-5). There is evidence to 

suggest that glucose intolerance in the context of pregnancy reflects pre-existing, chronic 

beta-cell dysfunction that is unmasked due to the progressive demands of gestational insulin 

resistance (6, 7). Accordingly, decreased beta-cell function detected early in pregnancy has 

been found to predict postpartum diabetes risk (8), and any degree of impaired glucose 

tolerance in pregnancy is associated with continued beta-cell dysfunction postpartum (9), 

contributing to later development of type 2 diabetes (10). Measures of insulin sensitivity and 

secretion in pregnancy are therefore important indicators of future maternal cardiometabolic 

disease risk and may be detectable before hyperglycemia is evident. Investigation of 

potentially modifiable factors that influence the trajectory of beta-cell dysfunction among high 

risk prenatal groups is warranted. 

 

Maternal overweight/obesity is an established risk factor for gestational hyperglycemia (11, 

12). Compared to non-Hispanic White women, Hispanic women have significantly higher 

rates of obesity on entering pregnancy and are at higher risk of gestational hyperglycemia 

within each category of pre-pregnancy body mass index (BMI) (13). GDM prevalence is even 

more pronounced among immigrant Hispanic women, who have a lower percent attributable 

risk from pregravid obesity compared to their non-immigrant counterparts born in the U.S. 

(14, 15), suggesting that other risk factors related to life course trajectory, acculturation, or 

dietary patterns are at play (14). Furthermore, Hispanic women overall have a substantially 

higher risk of developing type 2 diabetes after GDM compared to non-Hispanic White 
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women (16). Thus, the Hispanic population, which is the largest ethnic minority group in the 

U.S., is at heightened risk for poor metabolic health before, during and after pregnancy, and 

this risk may be further moderated by factors pertaining to their nativity status (i.e. first or 

subsequent generation immigrants) in the U.S. 

 

Prenatal healthy lifestyle interventions frequently target excess gestational weight gain 

(GWG) as a modifiable factor that may help reduce the risk of gestational hyperglycemia. 

However, several large clinical trials report limited success with this approach (17-19). Yet, 

the impact of GWG on beta-cell dysfunction, which may precede the development of overt 

GDM and predispose to long-term diabetes risk (8), is poorly understood. Evidence from 

non-pregnant and postpartum Hispanic cohorts suggests that weight or adiposity gain may 

play a critical role in the progression of beta-cell dysfunction (20, 21). Therefore, it is 

important to elucidate whether GWG may contribute to altered glucose-insulin metabolism, 

presenting as either hyperglycemia, impaired insulin sensitivity or beta-cell dysfunction, in 

the context of pregnancy in the Hispanic population. A recent study among Caucasian 

pregnant women with predominantly healthy pre-pregnancy weight detected a small but 

statistically significant contribution of GWG to glucose metabolism and beta-cell function 

measured in late pregnancy (22). We hypothesize that GWG will contribute a greater 

proportion of variance in beta-cell function in a higher risk, metabolically compromised, 

Hispanic population.  

 

The aim of this study was to determine the association between rate of gestational weight 

gain (rGWG) and glucose-insulin metabolism, characterized from fasting and postprandial 

blood samples, in the early third trimester among non-diabetic Hispanic pregnant women 

with overweight and obesity. A secondary aim was to determine whether this association 

differed by U.S. nativity status. By examining markers of dysglycemia and beta-cell function 
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on a continuous spectrum in the absence of overt GDM, this study contributes valuable 

insight to the nuanced measures of glucose-insulin metabolism that may serve as early 

indicators for metabolic dysfunction even among those with clinically ―normal‖ levels of 

gestational glucose tolerance.  

 

Materials and Methods 

Design and overview 

This is a cross-sectional study of the postprandial metabolic response to a standard liquid 

meal in the early third trimester of pregnancy, which was performed as a secondary, 

exploratory analysis from a cross-over study. The parent study aimed to determine the 

effects of the superimposition of acute psychological stress on maternal glucose-insulin 

metabolism following a standardized meal. Baseline data (without stress exposure) were 

included in the present study for all available participants. The University of California, Irvine 

(UCI) institutional review board approved the study, and all participants provided informed 

consent.  

 

Participants and Recruitment 

Pregnant women were recruited to the study between February 2018 and March 2020. 

Women were eligible if they were of Hispanic ethnicity, aged 18-40 years, had a pre-

pregnancy BMI 25.0-34.9 Kg/m2, carrying a singleton pregnancy, between 28-30 week’s 

gestation, non-diabetic (with a normal result on the standard glucose challenge test at 24-28 

weeks), non-smoker, and fluent in either English or Spanish. Women were excluded if they 

had diabetes (including GDM), hypertension, preeclampsia, or diagnosis or treatment of any 

other condition that may disrupt metabolic, endocrine or immune function. The eligible pre-

pregnancy BMI range was chosen for the parent cross-over study in order to select a 
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homogenous cohort of women at heightened risk of impaired glucose-insulin metabolism 

that is also generalizable to the majority of Hispanic women of reproductive age in the U.S. 

(23, 24). Women with diabetes were excluded due to the potential confounding exposure of 

pharmaceutical treatment or lifestyle interventions that may affect the predictor or outcome 

variables of interest. Participants were primarily recruited from UCI Health-affiliated obstetric 

clinics in Orange County, California, after pre-screening of the medical record for potential 

eligibility. This was supplemented by passive recruitment through email registries and 

distribution of study brochures. Eligibility for the study was verified by confirming normal 

glucose tolerance on the standard GDM screening test (<135 mg/dl on 1-hr glucose 

challenge test or normal results on a 3-hr 100g glucose tolerance test according to 

Carpenter and Coustan criteria) (25). 

 

Study procedures and data collection 

Participants arrived at the clinical research facility in the morning (8-9 am) following an 

overnight fast. Weight and height were measured, and a nurse phlebotomist placed an 

indwelling catheter in the antecubital vein of the forearm for blood sample collections. The 

participant was then allowed to rest seated for 30 minutes while completing a 

sociodemographic questionnaire, which included questions about country of birth, total 

household income, and number of household dependents on this income. After the rest 

period, baseline fasting blood and saliva samples were collected. Participants then 

immediately consumed a liquid meal (Nestle Boost Plus, 237ml, 360 kcal, 15g protein, 45g 

carbohydrate, 22g sugar, 3g fiber, 14g fat; option of vanilla or strawberry flavor) and were 

asked to finish it within 10 minutes. Postprandial blood samples were collected at 6 time 

points: +15, +30, +45, +60, +90 and +120 minutes post-baseline (the start of meal 

consumption). Water was provided, but no other food or drink was consumed until the end of 

the study visit.  
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Blood samples were collected in 3ml EDTA tubes. Each sample was immediately 

centrifuged upon collection at 1500g for 15 minutes, aliquoted and stored at -80°C until 

analyzed. Glucose was measured on a PolyChem clinical chemistry analyzer with reagents 

from Randox (Kearneysville, WV). Insulin was measured using a multiplex from Meso Scale 

Discovery (Rockville, MD). 

 

Data processing 

GWG up to the time of study visit was computed by subtracting pre-pregnancy weight from 

measured weight on assessment. Since women were assessed at 28-30 weeks, total GWG 

was not determined. However, average rate of weekly weight gain up to the time of 

assessment was estimated as follows: [weight at visit (kg) – pre-pregnancy weight (kg)] / 

(weeks’ gestation at visit – 13). This assumed that no weight gain occurred in the first 13 

weeks of pregnancy (i.e. first trimester), which has been previously reported across a range 

of BMI categories,(26) and weight gain of less than 2 kg is  advocated by the National 

Academy of Medicine (NAM) (27). Computed rGWG per week was compared to NAM 

guidelines according to pre-pregnancy BMI category: 0.23-0.32 kg/week for overweight 

category and 0.18-0.27 kg/week for obese category (27). rGWG was then characterized as 

below, within, or above the NAM guidelines. Pre-pregnancy BMI was determined from the 

medical record where available (based on measured weight and height within 1 year 

preconception), or from maternal self-report of pre-pregnancy weight and measured height 

at the time of screening in their second trimester, using the formula: weight (kg)/height (m)2. 

Self-reported pre-pregnancy weight has been shown to be a valid estimate of first trimester 

measured weight in U.S. and Hispanic populations (28, 29). BMI was also categorized as 

overweight (25.0-30.0 kg/m2) or obese (≥30.0 kg/m2). Nativity status was characterized as 
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born in (N=15) or outside (N=18) the U.S. Of those born outside the U.S., the percentage of 

life spent in the U.S. was estimated as: (years lived in U.S./age in years)*100. 

 

The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was computed 

according to the formula (30): 

                              ⁄                                

To characterize the degree of insulin resistance in the cohort, HOMA-IR values were 

compared to reference values previously defined for a Mexican pregnant population (31), 

that is, values ≥2.6 indicate insulin resistance. The area-under-the-curve (AUC) for glucose 

and insulin was computed using the trapezoidal method with respect to ground. Insulin 

Sensitivity Index (ISI) (32) was computed according to the formula: 

           √                        

where G0 represents fasting glucose concentration (mg/dl), I0 fasting insulin concentration 

(mU/ml), Gmean is the average glucose concentration from 0-120 minutes and Imean is the 

average insulin concentration from 0-120 minutes. Higher values of ISI indicate greater 

insulin sensitivity. The Insulin Secretion Sensitivity Index-2 (ISSI-2), a validated proxy for 

beta-cell function that is analogous to the disposition index obtained from the intravenous 

glucose tolerance test (33), was computed according to the formula: 

      
      

      
     

Data analysis 

All analyses were performed in SPSS version 26. Data were described by mean and 

standard deviation for continuous variables or as N (%) for categorical data. Metabolic 

variables were inspected for normality using histograms and log-transformed as applicable. 
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Pearson’s correlations were used to assess associations between rGWG, pre-pregnancy 

BMI and metabolic variables. Independent samples t-tests were used to determine 

differences in mean levels of metabolic variables across categories of rGWG, pre-pregnancy 

BMI, and nativity status. To account for potential confounding by maternal age and parity, 

adjusted models were performed using linear regression for continuous and ANCOVA for 

categorical independent variables. Although this was a relatively homogenous sample with a 

pre-pregnancy BMI range of 25.0-34.9 Kg/m2, a sensitivity analysis with additional 

adjustment for pre-pregnancy BMI was performed to determine the independent association 

of rGWG per week with metabolic outcomes. The potential moderating effects of nativity 

status on the association between rGWG and metabolic outcomes was assessed using the 

interaction term (rGWG*nativity) in the linear regression model. The variance inflation factor 

was used to test for multicollinearity. Data were considered statistically significant at p<0.05. 

 

Results 

A total of 104 women were screened for this study and 67 were excluded for ineligibility. The 

primary reasons for ineligibility were BMI outside of the range or diagnosis of GDM. Of the 

eligible women invited to participate, 4 did not attend the scheduled visit. Thus, 33 women 

enrolled and completed study procedures. 

 

Population descriptives 

Descriptive statistics for maternal sociodemographic, glucose and insulin variables are 

presented in Table 1. The majority of women (88%) were in their second or subsequent 

pregnancy, 30% were below the federal poverty threshold, and 45% were born in the U.S. 

Mean pre-pregnancy BMI was 28.8 kg/m2, and one-third of the participants were in the obese 

category. Mean GWG to the time of the study visit was 6.3kg, and over 60% of women had 
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excess rate of weight gain per week according to NAM guidelines for their BMI category. 

Women who were overweight had a higher rGWG compared to women with obesity 

(0.41±0.19 vs 0.25±0.23 kg/week, p=0.036). Fasting plasma glucose was in the normal 

healthy range and exhibited low variation. Fasting insulin levels were on average higher than 

has previously been reported for pregnant women in the third trimester (34) and the median 

HOMA-IR value indicates a high degree of insulin resistance in this cohort without GDM. 

Specifically, 62% of the population had a HOMA-IR value ≥2.6 which is the cut point for 

insulin resistance defined for Mexican pregnant women (31).  

 

Correlations between anthropometric and metabolic variables 

Figure 1 displays the median glucose and insulin response to the test meal. For both 

glucose and insulin, fasting values were highly correlated with their respective AUC values 

over the postprandial period (Table 2). Glucose and insulin were also moderately correlated 

with one another for both fasting and AUC values. As expected, HOMA-IR and fasting and 

AUC insulin values were strongly and inversely correlated with the ISI (as lower plasma 

insulin response to the meal indicates greater insulin sensitivity).  Fasting and AUC glucose 

values had a strong inverse correlation with the ISSI-2, indicating higher glucose 

concentrations in the presence of lower insulin secretion. Pre-pregnancy BMI was inversely 

correlated with fasting glucose and positively correlated with ISSI-2 (i.e., better beta-cell 

function) (Table 2). Correlations between these factors and rGWG were in the opposite 

directions, i.e. positive correlation with fasting glucose and inverse correlation with ISSI-2 

(Table 2, Fig. 2). Neither BMI nor rGWG were associated with fasting insulin, AUCinsulin or 

ISI.  
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Independent association of rGWG with metabolic variables 

The contrary results for the correlations of pre-pregnancy BMI and GWG with fasting glucose 

and ISSI-2 may be explained by the trend for women of higher BMI to gain less weight in 

pregnancy. Thus, the independent effect of rGWG on fasting glucose and ISSI-2 was tested 

in separate multilinear regression models that included maternal age, parity, pre-pregnancy 

BMI and rGWG as predictors, and either fasting glucose or ISSI-2 as the outcome variables. 

The association of rGWG on fasting glucose was attenuated and became non-significant 

after accounting for covariates (p=0.075; Table 3). The significant association between 

rGWG and ISSI-2 remained, although the positive association with BMI was still significant 

(Table 3). The adjusted R2 for the full model with ISSI-2 indicated that the combination of 

maternal age, parity, BMI and rGWG explained 38% of the variance in beta-cell function. 

The change in R2 with the addition of rGWG to the model indicated that this variable 

accounted for 13.4% of the variance in beta-cell function after accounting for maternal age, 

parity and BMI. For each 1 unit increase in rGWG per week, ISSI-2 decreased by 2.12 units 

(Table 3). The variance inflation factor ranged from 1.2 to 1.5 for each variable in the model, 

suggesting low-moderate multicollinearity. Mean values for metabolic variables did not differ 

across categroies of exceeding versus not exceeding the NAM guidelines for rGWG (data 

not shown). 

 

Effect modification by nativity status 

Women not born in the U.S. were significantly older (31.9±4.9 vs 28.1±4.8, p=0.032) and 

had a non-significantly lower rate of obesity (18% vs 47%; p=0.077) and higher average 

rGWG per week (0.41±0.22 vs 0.30±0.21, p=0.146) compared to those born in the U.S. The 

proportion of women exceeding the recommended rGWG was also non-significantly higher 

in non-U.S. versus U.S.-born women (70.6% vs 53.3%, p=0.314). Among women not born in 

the U.S., a greater percentage of life spent in the U.S. correlated with lower fasting glucose, 
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but not with indices of insulin sensitivity or secretion (Table 2). Independent sample t-tests 

revealed a significantly higher AUCglucose (10860±1084 vs 9968±1238, p=0.038) and a trend 

for lower ISI (3274.2±267.9 vs 3538.4±521.4, p=0.076) among non-U.S. versus U.S.-born 

women, however, adjusting for maternal age attenuated the significance of these differences 

between groups (p=0.176 and p=0.177, respectively). There were no other significant 

differences in average values of metabolic variables according to nativity status, nor were 

there any significant interaction effects for rGWG*nativity status on any metabolic outcomes 

(data not shown; p>0.05 for interaction terms).  

 

Discussion 

In this cohort of high-risk Hispanic pregnant women with overweight and obesity, rGWG was 

found to be independently and inversely associated with reduced beta-cell function even at 

normal levels of fasting and postprandial glucose. A large proportion of participants were 

gaining weight at a higher than recommended rate through their second trimester, which 

associated with reduced insulin secretion sensitivity after accounting for the effect of pre-

pregnancy BMI, age and parity. Since GWG was retrospectively assessed in this study, and 

beta-cell function measured at a single timepoint, we cannot infer any direction of causality 

between these two variables. However, the findings highlight rGWG as a relevant factor 

worthy of further investigation in the context of gestational and postpartum beta-cell function. 

Although rGWG also appeared to contribute towards higher fasting glucose, the unexpected 

inverse association between pre-pregnancy BMI and glycemia attenuated this effect. This 

may be partly explained by the study’s eligibility criteria that excluded women with severe 

obesity and GDM/type 2 diabetes, perhaps resulting in a population with somehwat healthier 

beta-cell function despite having an elevated pre-pregnancy BMI. 
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The findings of the present study somewhat differ from the results recently reported by 

Alvarado et al. (22), who examined the association between change in maternal body weight 

and change in insulin sensitivity from pre-conception to late gestation in pregnant women 

with either normal glucose tolerance (N=29) or GDM (N=17). Their analysis demonstrated 

that change in maternal body weight accounted for only 9% of the variance in change of 

insulin sensitivity (measured by the hyperinsulinemic-euglycemic clamp) across pregnancy 

in the entire cohort, after accounting for multiple covariates. Change in body weight 

accounted for only 6% of the change in the variance of the disposition index, an index of 

beta-cell function, in a subset of women (N=33), substantially lower than the 12% change in 

ISSI-2 variation observed in the present study with a similar size cohort. The authors 

concluded that although their observed associations between weight gain and 

glucose/insulin metabolism were statistically significant, they were not clinically meaningful, 

and therefore, GWG is not a good target for intervention studies to mitigate risk of GDM. 

However, we note several distinctions in study population and methodology in our present 

study which may contribute to the differences in findings. Firstly, and most notably, the 

cohort in the study by Alvarado et al. (22) was almost exclusively Caucasian (98%). 

Secondly, although pre-pregnancy BMI or maternal height was not described, the average 

pre-pregnancy weight suggests that many women were likely in the normal weight range. 

Similarly, compliance to NAM guidelines was not reported, but the average total GWG was 

within the recommended range assuming majority of women were of a normal BMI. This is in 

contrast to our study participants who are exclusively Hispanic, with elevated pre-pregnancy 

BMI, a high rate of excess GWG, and high rate of underlying insulin resistance, suggesting 

that they are metabolically compromised despite screening negative for GDM. 

Methodological differences are also apparent between the present study and that of 

Alvarado et al. (22) with respect to assessment of insulin secretion through use of an oral 

mixed-meal containing a set glucose load versus intravenous glucose infusion to stimulate a 

beta-cell response. Although both studies may lack generalizability to other cohorts with 

greater ethnic diversity, our findings indicate that within this higher risk group of pregnant 
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women, the tendency for excess rGWG contributes more meaningfully to risk of maternal 

beta-cell dysfunction compared to lower risk women.  

 

Among pregnancies that are metabolically compromised from the outset, for example, 

through elevated adiposity and insulin resistance, it is possible that a high rGWG places 

additional stress on beta-cells with a pre-existing underlying dysfunction, thereby potentially 

contributing to reduced insulin secretory function across pregnancy. The underlying 

mechanisms by which rGWG potentially influences beta-cell function is not yet clear, 

although some evidence points towards the insulin-sensitizing adipokine adiponectin, as well 

as advancing insulin resistance with adiposity gain (35). Maternal adiponectin concentrations 

have been shown to differ by race/ethnicity, such that Black and Hispanic pregnant women 

have consistently lower levels across pregnancy than White women (36, 37), potentially 

predisposing to higher risk of decreased insulin sensitivity in these minority groups. In a 

longitudinal study of non-pregnant Hispanic individuals, serum adiponectin was positively 

associated with change in disposition index, suggesting a possible role of this adipokine on 

preserving beta-cell function (20). However, in the same study, rate of change in BMI had a 

stronger independent inverse association with disposition index, which was largely driven by 

advancing insulin resistance with weight gain (20). Similarly, in a cohort of Hispanic women 

with a recent GDM-affected pregnancy, postpartum adiposity gain was the strongest 

predictor of declining beta-cell function, which was explained 31% by changes in adiponectin 

and C-reactive protein, and 40% by changes in insulin resistance (38). Thus, factors 

contributing to the association between a high rGWG and beta-cell dysfunction may lie at the 

intersection of decreased adiponectin concentrations, increased inflammation, and cellular 

insulin resistance, but further research is required to elucidate these pathways. Alterations in 

levels of the placentally-derived hormones prolactin and human placental lactogen (2, 39), 

as well as the furan fatty acid metabolite 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid 

(CMPF) (40), have also been implicated in the pathogenesis of beta-cell dysfunction in 
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pregnancy. However, findings are inconsistent, and it is yet unknown whether GWG may 

influence these pathways for declining insulin secretory capacity.  

 

Although the rGWG and postprandial glucose output trended higher among immigrant 

women to the U.S., nativity status, per se, was not associated with markers of glucose and 

insulin metabolism after accounting for maternal age, nor did it moderate the effect of rGWG 

on beta-cell function. Migration status has been highlighted as a key social determinant of 

health (41), and significantly higher rates of GDM have been identified among non-U.S. born 

Hispanic women compared to their U.S.-born counterparts in previous studies (14, 15). 

Although no statistically significant disparities in markers of insulin sensitivity or secretion 

were evident in our study cohort among Hispanic women without GDM, the sample size may 

be underpowered to detect such differences.  

 

This study provides important insight into the determinants of metabolic dysfunction among 

Hispanic pregnant women, who represent a higher risk maternal population in need of 

carefully designed, culturally-appropriate intervention strategies to support maternal and 

child health outcomes. The homogenous cohort with respect to ethnicity, BMI range, and 

gestational age at assessment provides analytical strength by minimizing potential 

confounding factors and increasing internal validity. However, these aspects also limit 

generalizability of the study findings to women of other ethnic groups and those with a higher 

or lower BMI. By assessing the postprandial state, we are able to conduct a more 

informative assessment of maternal glucose-insulin metabolism than relying on fasting 

values alone. Although insulin sensitivity and secretion were estimated by indirect formulas 

rather than direct measurement, the ISSI-2 has been shown to highly correlate with the 

disposition index measured by intravenous glucose tolerance test, and therefore, represents 

a reliable proxy of beta-cell function (42). Our choice of a standardized and widely-available 
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liquid meal facilitates repeatability in future studies, is more palatable compared to the 

standard oral glucose load used in clinical settings, and is more comparable to the mixed 

nutrient compositions of meals consumed in the real-world setting (33). We also 

acknowledge limitations of our study, particularly regarding the small sample size and 

assessment at only a single time point in pregnancy, which precludes the ability to determine 

if any GWG occurred in the first trimester or to assess beta-cell decline, and no follow-up to 

determine longer term effects of rate of excess GWG on postpartum beta-cell function and 

type 2 diabetes. We also have no data on other risk factors for GDM (e.g., family history of 

diabetes, GDM in previous pregnancy), or on habitual dietary intake, which might influence 

beta-cell function either directly or indirectly via GWG or changes in adiposity. Lastly, we did 

not correct for multiple comparisons or measure concentrations of adiponectin or placenta-

derived hormones which may influence beta-cell function either in interaction with or 

independently of rGWG. 

 

In conclusion, the high prevalence of excess rGWG that was evident in Hispanic pregnant 

women with overweight and obesity was associated with lower beta-cell function even in the 

absence of GDM, potentially contributing to the risk for future type 2 diabetes. These results 

suggest that in certain higher risk populations, GWG may remain relevant as a modifiable 

factor with potential to improve maternal metabolic health in addition to other pregnancy and 

child health outcomes already linked to excess GWG (e.g. gestational hypertension, large for 

gestational age). Therefore early attention to the rGWG before the third trimester may be 

warranted. Future research should consider whether genetic, early life programming, or life 

course factors influence susceptibility to declining beta-cell function during pregnancy and 

postpartum in this vulnerable group, and whether appropriately tailored, targeted lifestyle 

interventions beginning early in gestation may mitigate this risk. 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab655/6360972 by U

niversity of C
alifornia, Irvine user on 08 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 19 

Acknowledgements 

None. 

 

Data Availability 

Some or all datasets generated during and/or analyzed during the current study are not 

publicly available but are available from the corresponding author on reasonable request. 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab655/6360972 by U

niversity of C
alifornia, Irvine user on 08 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 20 

 

 

 

References 

1. Butler AE, Cao-Minh L, Galasso R, Rizza RA, Corradin A, Cobelli C, Butler 
PC. Adaptive changes in pancreatic beta cell fractional area and beta cell 
turnover in human pregnancy. Diabetologia. 2010;53:2167-2176. 

2. Moyce BL, Dolinsky VW. Maternal β-Cell Adaptations in Pregnancy and 
Placental Signalling: Implications for Gestational Diabetes. Int J Mol Sci. 
2018;19:3467. 

3. Kubo A, Ferrara A, Windham GC, Greenspan LC, Deardorff J, Hiatt RA, 
Quesenberry CP, Laurent C, Mirabedi AS, Kushi LH. Maternal Hyperglycemia 
During Pregnancy Predicts Adiposity of the Offspring. Diabetes Care. 
2014;37:2996-3002. 

4. Scholtens DM, Kuang A, Lowe LP, Hamilton J, Lawrence JM, Lebenthal Y, 
Brickman WJ, Clayton P, Ma RC, McCance D, Tam WH, Catalano PM, Linder 
B, Dyer AR, Lowe WL, Metzger BE. Hyperglycemia and Adverse Pregnancy 
Outcome Follow-up Study (HAPO FUS): Maternal Glycemia and Childhood 
Glucose Metabolism. Diabetes Care. 2019;42:381-392. 

5. Yang X, Hsu-Hage B, Zhang H, Zhang C, Zhang Y, Zhang C. Women With 
Impaired Glucose Tolerance During Pregnancy Have Significantly Poor 
Pregnancy Outcomes. Diabetes Care. 2002;25:1619-1624. 

6. Buchanan TA, Xiang A, Kjos SL, Watanabe R. What is gestational diabetes? 
Diabetes Care. 2007;30:S105-S111. 

7. Durnwald C. Gestational diabetes: Linking epidemiology, excessive 
gestational weight gain, adverse pregnancy outcomes, and future metabolic 
syndrome. Semin Perinatol. 2015;39:254-258. 

8. Lekva T, Godang K, Michelsen AE, Qvigstad E, Normann KR, Norwitz ER, 
Aukrust P, Henriksen T, Bollerslev J, Roland MCP, Ueland T. Prediction of 
Gestational Diabetes Mellitus and Pre-diabetes 5 Years Postpartum using 
75 g Oral Glucose Tolerance Test at 14–16 Weeks’ Gestation. Sci Rep. 
2018;8:13392. 

9. Kramer CK, Swaminathan B, Hanley AJ, Connelly PW, Sermer M, Zinman B, 
Retnakaran R. Each Degree of Glucose Intolerance in Pregnancy Predicts 
Distinct Trajectories of β-Cell Function, Insulin Sensitivity, and Glycemia in the 
First 3 Years Postpartum. Diabetes Care. 2014;37:3262-3269. 

10. Miao Z, Wu H, Ren L, Bu N, Jiang L, Yang H, Zhang J, Guo X. Long-Term 
Postpartum Outcomes of Insulin Resistance and β-cell Function in Women 
with Previous Gestational Diabetes Mellitus. Int J Endocrinol. 
2020;2020:7417356. 

11. Chu SY, Callaghan WM, Kim SY, Schmid CH, Lau J, England LJ, Dietz PM. 
Maternal Obesity and Risk of Gestational Diabetes Mellitus. Diabetes Care. 
2007;30:2070-2076. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab655/6360972 by U

niversity of C
alifornia, Irvine user on 08 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 21 

12. King JC. Maternal obesity, metabolism, and pregnancy outcomes. Annu Rev 
Nutr. 2006;26:271-291. 

13. Snowden JM, Mission JF, Marshall NE, Quigley B, Main E, Gilbert WM, 
Chung JH, Caughey AB. The Impact of maternal obesity and race/ethnicity on 
perinatal outcomes: Independent and joint effects. Obesity. 2016;24:1590-
1598. 

14. Janevic T, Zeitlin J, Egorova N, Balbierz A, Howell EA. The role of obesity in 
the risk of gestational diabetes among immigrant and U.S.-born women in 
New York City. Ann Epidemiol. 2018;28:242-248. 

15. Hedderson MM, Darbinian JA, Ferrara A. Disparities in the risk of gestational 
diabetes by race-ethnicity and country of birth. Paediatr Perinat Epidemiol. 
2010;24:441-448. 

16. Bower JK, Butler BN, Bose-Brill S, Kue J, Wassel CL. Racial/Ethnic 
Differences in Diabetes Screening and Hyperglycemia Among US Women 
After Gestational Diabetes. Prev Chronic Dis. 2019;16:E145. 

17. Simmons D, Devlieger R, van Assche A, Galjaard S, Corcoy R, Adelantado 
JM, Dunne F, Desoye G, Kautzky-Willer A, Damm P, Mathiesen ER, Jensen 
DM, Andersen LLT, Lapolla A, Dalfra MG, Bertolotto A, Wender-Ozegowska 
E, Zawiejska A, Hill D, Snoek FJ, van Poppel MNM. Association between 
Gestational Weight Gain, Gestational Diabetes Risk, and Obstetric Outcomes: 
A Randomized Controlled Trial Post Hoc Analysis. Nutrients. 2018;10:1568. 

18. Kunath J, Günther J, Rauh K, Hoffmann J, Stecher L, Rosenfeld E, Kick L, 
Ulm K, Hauner H. Effects of a lifestyle intervention during pregnancy to 
prevent excessive gestational weight gain in routine care - the cluster-
randomised GeliS trial. BMC Medicine. 2019;17:5. 

19. Sagedal LR, Vistad I, Øverby NC, Bere E, Torstveit MK, Lohne-Seiler H, 
Hillesund ER, Pripp A, Henriksen T. The effect of a prenatal lifestyle 
intervention on glucose metabolism: results of the Norwegian Fit for Delivery 
randomized controlled trial. BMC Pregnancy Childbirth. 2017;17:167. 

20. Xiang AH, Black MH, Shu Y-H, Wu J, MacKay A, Koebnick C, Watanabe RM, 
Buchanan TA. Association of weight gain and fifteen adipokines with declining 
beta-cell function in Mexican Americans. PLOS ONE. 2018;13:e0201568. 

21. Xiang AH, Li BH, Black MH, Sacks DA, Buchanan TA, Jacobsen SJ, 
Lawrence JM. Racial and ethnic disparities in diabetes risk after gestational 
diabetes mellitus. Diabetologia. 2011;54:3016-3021. 

22. Alvarado FL, O’Tierney-Ginn P, Catalano P. Contribution of Gestational 
Weight Gain on Maternal Glucose Metabolism in Women with GDM and 
Normal Glucose Tolerance. J Endocr Soc. 2021;5:bvaa195. 

23. Ratnasiri AWG, Lee HC, Lakshminrusimha S, Parry SS, Arief VN, DeLacy IH, 
Yang J-S, DiLibero RJ, Logan J, Basford KE. Trends in maternal 
prepregnancy body mass index (BMI) and its association with birth and 
maternal outcomes in California, 2007-2016: A retrospective cohort study. 
PloS One. 2019;14:e0222458-e0222458. 

24. Driscoll A, Gregory E, Increases in prepregnancy obesity: United States, 
2016–2019. NCHS Data Brief, no 392. 2020: Hyattsville, MD: National Center 
for Health Statistics. 

25. Carpenter MW, Coustan DR. Criteria for screening tests for gestational 
diabetes. Am J Obstet Gynecol. 1982;144:768-773. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab655/6360972 by U

niversity of C
alifornia, Irvine user on 08 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 22 

26. Fattah C, Farah N, Barry SC, O'Connor N, Stuart B, Turner MJ. Maternal 
weight and body composition in the first trimester of pregnancy. Acta Obstet 
Gynecol Scand. 2010;89:952-955. 

27. Institute of Medicine and National Research Council. Weight Gain During 
Pregnancy: Reexamining the Guidelines, K.M. Rasmussen and A.L. Yaktine, 
Editors. 2009, The National Academies Press (US), National Academy of 
Sciences.: Washington (DC). 

28. Shin D, Chung H, Weatherspoon L, Song WO. Validity of Prepregnancy 
Weight Status Estimated from Self-reported Height and Weight. Maternal and 
Child Health Journal. 2014;18:1667-1674. 

29. Rangel Bousquet Carrilho T, M. Rasmussen K, Rodrigues Farias D, Freitas 
Costa NC, Araújo Batalha M, E. Reichenheim M, O. Ohuma E, Hutcheon JA, 
Kac G, Oliveira AE, Esteves-Pereira AP, Sato APS, da Silva AAM, de Moraes 
CL, Saunders C, de Lima Parada CMG, da Rocha D, Gigante DP, dos 
Santos-Neto ET, de Lacerda EM, Fujimori E, Surita FG, Bierhals IO, de 
Capelli J, Cecatti JG, dos Vaz J, Cesar JA, Mastroeni MF, de Carvalhaes MA, 
da Silveira MF, Domingues MR, Fernandes MP, Drehmer M, Gonzalez MM, 
de Padilha P, Souza RT, Alves RFS, Batista RFL, de Mastroeni SS, Saldiva 
SRDM, da Cruz SS, Morais SS, Mengue SS, Brazilian M, Child Nutrition C. 
Agreement between self-reported pre-pregnancy weight and measured first-
trimester weight in Brazilian women. BMC Pregnancy and Childbirth. 
2020;20:734. 

30. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 
Homeostasis model assessment: insulin resistance and beta-cell function 
from fasting plasma glucose and insulin concentrations in man. Diabetologia. 
1985;28:412-9. 

31. Reyes-Muñoz E, Martínez-Herrera EM, Ortega-González C, Arce-Sánchez L, 
Ávila-Carrasco A, Zamora-Escudero R. HOMA-IR and QUICKI reference 
values during pregnancy in Mexican women. Ginecol Obstet Mex. 
2017;85:306-313. 

32. Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral 
glucose tolerance testing: comparison with the euglycemic insulin clamp. 
Diabetes Care. 1999;22:1462-1470. 

33. Maki KC, McKenney JM, Farmer MV, Reeves MS, Dicklin MR. Indices of 
insulin sensitivity and secretion from a standard liquid meal test in subjects 
with type 2 diabetes, impaired or normal fasting glucose. Nutr. 2009;8:22. 

34. Sonagra AD, Biradar SM, K D, Murthy D S J. Normal pregnancy- a state of 
insulin resistance. Journal of clinical and diagnostic research : JCDR. 
2014;8:CC01-CC3. 

35. Bozkurt L, Göbl CS, Baumgartner-Parzer S, Luger A, Pacini G, Kautzky-Willer 
A. Adiponectin and Leptin at Early Pregnancy: Association to Actual Glucose 
Disposal and Risk for GDM—A Prospective Cohort Study. Int J Endocrinol. 
2018;2018:5463762. 

36. Jara A, Dreher M, Porter K, Christian LM. The association of maternal obesity 
and race with serum adipokines in pregnancy and postpartum: Implications for 
gestational weight gain and infant birth weight. BBI Health. 2020;3:100053. 

37. Chen X, Scholl TO. Ethnic Differences in Maternal Adipokines during Normal 
Pregnancy. Int J Environ Res Public Health. 2015;13:8. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab655/6360972 by U

niversity of C
alifornia, Irvine user on 08 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 23 

38. Xiang AH, Kawakubo M, Trigo E, Kjos SL, Buchanan TA. Declining β-Cell 
Compensation for Insulin Resistance in Hispanic Women With Recent 
Gestational Diabetes Mellitus. Diabetes Care. 2010;33:396-401. 

39. Ernst S, Demirci C, Valle S, Velazquez-Garcia S, Garcia-Ocaña A. 
Mechanisms in the adaptation of maternal β-cells during pregnancy. Diabetes 
Manag (Lond). 2011;1:239-248. 

40. Retnakaran R, Ye C, Kramer CK, Connelly PW, Hanley AJ, Sermer M, 
Zinman B. Evaluation of Circulating Determinants of Beta-Cell Function in 
Women With and Without Gestational Diabetes. J Clin Endocrinol Metab. 
2016;101:2683-2691. 

41. Castañeda H, Holmes SM, Madrigal DS, Young M-ED, Beyeler N, Quesada J. 
Immigration as a Social Determinant of Health. Ann Rev Public Health. 
2015;36:375-392. 

42. Retnakaran R, Qi Y, Goran MI, Hamilton JK. Evaluation of proposed oral 
disposition index measures in relation to the actual disposition index. Diabetic 
Med. 2009;26:1198-1203. 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab655/6360972 by U

niversity of C
alifornia, Irvine user on 08 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 24 

Table 1: Maternal characteristics, anthropometry and metabolic markers 

Maternal age (years) 30.21 ± 5.12 

Below poverty threshold [N(%)] 11 (29.7) 

Born in US [N(%)] 15 (45.5) 

Gestational age at visit (days) 207.45 ± 8.68 

Multiparous [N(%)] 29 (87.9) 

Pre-pregnancy BMI (Kg/m2) 28.77 ± 2.72 

Pre-pregnancy obesity (BMI 30-35 Kg/m2) 11 (33.3) 

GWG from pre-pregnancy to visit (Kg) 6.30 ± 3.86 

rGWG (Kg per week) 0.36 ± 0.22 

Below NAM weight gain per week [N(%)] 7 (21.2) 

Within NAM weight gain per week [N(%)] 6 (18.2) 

Above NAM weight gain per week [N(%)] 20 (60.6) 

Fasting glucose (mg/dl) 80.30 ± 6.29 

Fasting insulin (uU/ml) 14.82 (12.84 - 20.62) 

AUC glucose 10452.08 ± 1208.70 

AUC insulin 12996.18 (9412.46 - 19436.90) 

Homeostasis Model Assessment of Insulin 
Resistance 

3.03 (1.23 - 7.07) 

Insulin Sensitivity Index 2.59 (2.01 - 3.47) 

Insulin Secretion Sensitivity Index-2 3.12 (2.58 - 3.99) 

Data presented as mean ± standard deviation for normally distributed continuous variables, median 

(interquartile range) for non-normally distributed continuous variables, or as N(%) for categorical 

variables. AUC, area-under-the-curve; BMI, body mass index; NAM, National Academy of Medicine; 

rGWG, rate of gestational weight gain. 
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Table 2: Correlations between demographic, anthropometric and metabolic factors 

  Fasting 
glucose 

AUC 
glucose 

Fasting 
insulin 

AUC 
insulin 

HOM
A-IR 

ISI ISSI-
2 

Fasting glucose 1 0.645** 0.348* 0.124 0.38
6* 

-
0.463
** 

-
0.747
** 

AUC glucose 0.645** 1 0.382* 0.380* 0.29
2 

-
0.560
** 

-
0.663
** 

Fasting insulin 0.348* 0.382* 1 0.714** 0.64
5* 

-
0.907
** 

-
0.413
* 

AUC insulin 0.124 0.380* 0.714** 1 0.41
1* 

-
0.872
** 

0.090 

HOMA-IR 0.386* 0.292 0.645* 0.411* 1 -
0.643
** 

0.203 

ISI -0.463** -0.560** -0.907** -0.872** -
0.64
3** 

1 0.350
* 

ISSI-2 -0.747** -0.663** -0.413* 0.090 0.20
3 

0.350
* 

1 

Gestational age 
(days) 

-0.071 -0.070 0.049 0.102 0.11
2 

-
0.036 

0.026 

Maternal age 0.190 0.422* -0.042 0.098 0.00
1 

-
0.065 

-
0.213 

Percentage of life 
in US 

-0.565* -0.479 0.194 -0.226 0.07
3 

0.209 0.140 

Pre-pregnancy 
BMI 

-0.387* -0.126 0.146 0.242 0.05
4 

-
0.091 

0.356
* 

rGWG per week 0.421* 0.387* 0.169 -0.080 0.24
0 

-
0.105 

-
0.546
** 

Data presented as Pearson correlation coefficients. *p<0.05; **p<0.01.  

AUC, area-under-the-curve; HOMA-IR, homeostasis model assessment of insulin resistance; ISI, 

insulin sensitivity index; ISSI-2, insulin secretion sensitivity index; BMI, body mass index; rGWG, rate 

of gestational weight gain. 
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Table 3: Multilinear regression of rGWG predicting fasting glucose and beta-cell 

function 

  Beta SE p-value Adj. R2 Change in R2 

Dependent variable: Fasting glucose 

Maternal age 0.001 0.001 0.448 0.074 - 

Parity 0.004 0.005 0.477 0.045 0.003 

Pre-pregnancy BMI -0.006 0.002 0.015 0.284 0.247 

rGWG per week 0.046 0.025 0.075 0.341 0.073 

Dependent variable: Insulin secretion sensitivity index (ISSI-2) 

Maternal age -0.007 0.037 0.847 0.083  - 

Parity -0.242 0.165 0.154 0.032 0.011 

Pre-pregnancy BMI 0.170 0.164 0.028 0.325 0.230 

rGWG per week -2.124 0.821 0.015 0.379 0.134 

BMI, body mass index; rGWG, rate of gestational weight gain; SE, standard error; VIF, variance 

inflation factor. 
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Figure Legend 

Figure 1: Median plasma glucose (A) and insulin (B) response to the standardized meal 

across the study population. 

 

Figure 2: Inverse association between rate of gestational weight gain per week and beta-cell 

function, measured by the insulin secretion sensitivity index (ISSI)-2. 
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Figure 1 
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Figure 2 
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