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Abstract

Aim: To investigate the role of the gut microbiome in regulating key insulin homeostasis traits 

(insulin sensitivity, insulin secretion and insulin clearance) whose dysfunction leads to type 2 

diabetes (T2D).
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Materials and Methods: The Microbiome and Insulin Longitudinal Evaluation Study (MILES) 

focuses on African American and non-Hispanic white participants aged 40–80 years without 

diabetes. Three study visits are planned (at baseline, 15 and 30 months). Baseline measurements 

include assessment of the stool microbiome and administration of an oral glucose tolerance test, 

which will yield indexes of insulin sensitivity, insulin secretion and insulin clearance. The gut 

microbiome profile (composition and function) will be determined using whole metagenome 

shotgun sequencing along with analyses of plasma short chain fatty acids. Additional data 

collected include dietary history, sociodemographic factors, health habits, anthropometry, medical 

history, medications and family history. Most assessments are repeated 15 and 30 months 

following baseline.

Results: After screening 875 individuals, 129 African American and 224 non-Hispanic white 

participants were enrolled. At baseline, African American participants have higher blood pressure, 

weight, body mass index, waist and hip circumferences but similar waist-hip ratio compared 

with the non-Hispanic white participants. On average, African American participants are less 

insulin-sensitive and have higher acute insulin secretion and lower insulin clearance.

Conclusions: The longitudinal design and robust characterization of potential mediators will 

allow for the assessment of glucose and insulin homeostasis and gut microbiota as they change 

over time, improving our ability to discern causal relationships between the microbiome and 

the insulin homeostasis traits whose deterioration determines T2D, setting the stage for future 

microbiome-directed therapies to prevent and treat T2D.

Keywords

insulin resistance; insulin secretion; type 2 diabetes

1 | INTRODUCTION

With an estimated prevalence of 10.5% of the population (all ages), the United States 

is experiencing an unprecedented epidemic of diabetes, the majority of which is type 2 

diabetes (T2D).1 Evidence suggests that insulin resistance is the earliest deficit in the 

pathogenesis of T2D; yet the majority of individuals with insulin resistance do not develop 

T2D because they are able to increase insulin levels to overcome tissue insulin resistance 

and maintain normoglycaemia. Those who are not able to maintain this hyperinsulinaemic 

compensation develop T2D. Increased insulin secretion from pancreatic β-cells and 

reduction in insulin clearance (removal of insulin from the circulation) are responsible 

for hyperinsulinaemic compensation.2 We refer to insulin sensitivity, insulin secretion and 

insulin clearance as components of ‘insulin homeostasis’. While genetic factors play a 

critical role in the aetiology of T2D, the remarkable increase in T2D prevalence (>4% 

per year in US adults from 1990 to 20093) indicates that non-genetic factors are also 

contributing, including changes in lifestyle (diet, physical activity), demographic shifts in 

the population (race/ethnicity, socioeconomic status) and psychosocial trends (development 

of the ‘obesogenic’ environment). The Microbiome and Insulin Longitudinal Evaluation 

Study (MILES) is addressing a key non-genetic factor regulated by diet, the gut microbiota 

(microbiome), to define its role in regulating the key insulin homeostasis traits whose 

dysfunction leads to T2D.
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Initially influenced by early life experiences, including mode of delivery, infant feeding 

and antibiotic exposure, the gut microbiome is established by age 2–3 years and remains 

comparatively stable during adulthood4; yet it can be altered by diet and medications.5,6 The 

human gastrointestinal tract contains a diverse community of 1013 to 1014 bacteria, archaea 

and eukaryotes.7 These organisms establish symbiotic relationships with their hosts, defining 

the mucosal immune system, maintaining epithelial barrier function, producing vitamins and 

fermenting food components (e.g. fibre) that humans cannot digest. The combined genomes 

of the gut microbiota represent more than 100-fold more genes than encoded in the human 

genome.8

Alterations in gut microbial populations have been associated with risk of obesity and T2D.9 

The gut microbiota influences energy harvest from the diet and affects host metabolism and 

inflammation. The profile in individuals with T2D is different from healthy lean individuals 

as well as from obese, non-diabetic individuals who are not insulin-resistant.10 Obesity is 

induced in germ-free mice exposed to gut microbiota from obese mice or from humans with 

obesity, suggesting a causal relationship.11

Reduced intestinal bacterial diversity (bacterial species number or richness) is associated 

with increased inflammation and features of the metabolic syndrome.12 Bacterial 

metabolism may promote or ameliorate insulin resistance and insulin secretion, impacting 

T2D risk. Several studies have performed large-scale microbiome profiling in individuals 

with prediabetes or T2D versus controls, as recently reviewed.9 What emerged from 

most of these studies was a consistent finding of depletion in individuals with T2D of 

bacterial species that produce short chain fatty acids (SCFA), particularly butyrate (e.g. 

Faecalibacterium prausnitzii and Akkermansia muciniphilia). However, the current body of 

evidence consists of cross-sectional studies, precluding establishment of the temporality of 

the associations being observed. Thus, MILES has established a cohort free of diabetes 

at baseline (avoiding confounding effects of medication) and is prospectively assessing 

glucose and insulin homeostasis and gut microbiota as they change over time, improving 

our ability to discern causal relationships between the microbiome and the three insulin 

homeostasis traits whose deterioration determines T2D. Our overarching hypothesis is that 

the gut microbial composition at baseline and over time influences change (improvement or 

deterioration) in insulin homeostasis and that bacteria associated with deterioration in insulin 

homeostasis traits will, in part, be attributable to an unhealthy diet. We have a particular 

focus on bacteria that produce SCFA; for example, insulin sensitivity declining over time 

may be associated with reduced abundance of butyrate-producing bacteria. Our planned 

deep sequencing will also allow us to examine bacterial functions (in addition to species) 

that modulate insulin homeostasis changes. Given that the microbiome can be modified by 

diet, lifestyle or medication, MILES is poised to identify microbiome-based targets of future 

therapies to prevent and treat T2D.

2 | MATERIALS AND METHODS

2.1 | Study participants

We screened 875 individuals and enrolled 353 non-diabetic individuals (129 African 

American and 224 non-Hispanic white) aged 40–80 years. Race and ethnicity were 
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self-identified. A flowchart illustrating participant recruitment is presented in Figure 1. 

Participants were recruited in the Piedmont Triad area of North Carolina, including Forsyth, 

Davidson, Davie, Guilford, Stokes and Surry counties. We utilized several recruitment 

strategies, including targeted mailings and telephone calls, primarily based on lists of 

patients seen in the Wake Forest Baptist Health System. We also utilized advertisements 

on local media (newspaper, social media and radio) and conducted interviews with 

African American-oriented media outlets. Project team members also gave presentations 

at community settings (e.g. Young Women’s Christian Association (YWCA), public libraries 

and retirement communities) and attended community events at which recruitment materials 

were distributed. Flyers and advertising utilized one of two phrases: ‘Help us understand the 

relationship between diet and the risk of type 2 diabetes’ or ‘We have a gut feeling you can 

help us’. Most materials stated, ‘The Microbiome and Insulin Longitudinal Evaluation Study 

(MILES) will analyze the relationships among diet, gut bacteria, and insulin levels in order 

to better understand why some people develop type 2 diabetes’.

Exclusion criteria at the time of enrolment included self-identified Hispanic ethnicity, severe 

illness (e.g. actively treated cancer) that might lead to failure to return for follow-up visits, 

antibiotic use in the prior month (or use of other medication with microbiome effects; 

i.e. metformin and proton pump inhibitors5,13), use of oral steroids, inflammatory bowel 

disease, surgery for weight loss, chronic constipation or diarrhoea requiring prescription 

therapy, pregnancy, end-stage renal disease and heavy alcohol use. Additionally, presence 

of diabetes at baseline (by history or point-of-care fasting glucose ≥126 mg/dL) was 

an exclusion criterion; however, diabetes developing during follow-up (second or third 

visit) will not lead to exclusion, allowing secondary analyses of microbiome determinants 

of incident T2D. Glucose tolerance (normal, prediabetes, T2D) is being defined using 

American Diabetes Association criteria.14

Eligible participants were invited to attend a clinic visit, which will be followed by two 

additional visits approximately 15 months apart, for a total of three visits. At this time, 

all participants have completed their baseline study visit, and no new participants are 

being recruited. Each visit includes anthropometric measurements (weight, height, waist 

and hip circumference), a full medication history, and documentation of any interim illness 

that may have occurred. Stool collection materials are mailed to every participant before 

each visit and participants complete comprehensive questionnaires to document health 

history, physical activity, health behaviours and other factors. The study was approved 

by institutional review boards at participating centres. All subjects gave written informed 

consent prior to participation.

2.2 | Stool collection

Study participants collect a stool sample at home 1–2 days prior to each of the three clinic 

visits. Collection is aided by the use of a FecesCatcher (http://www.fecesvanger.nl/en_GB/) 

and stools are stored in the OMNIgene GUT collection kit. The OMNIgene GUT kit is 

an all-in-one system designed for self-collection and stabilization of microbial DNA from 

stools for gut microbiome profiling. After collection and homogenization, sample DNA 

is stable at an ambient temperature for 60 days without the requirement of a cold chain. 
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Sampling with the OMNIgene GUT kit produces a microbial composition profile consistent 

with that of a direct stool sample.15 Participants are instructed to document stool consistency 

(Bristol score16) at the time of the collection. Whole metagenome shotgun sequencing 

methods are given in Appendix S1.

2.3 | Diet and physical activity assessment

We are assessing both habitual diet over the past year and recent changes in overall 

diet pattern. At each of the three visits, habitual diet is assessed using a food frequency 

questionnaire. Participants are asked to record the frequency of consumption, and the usual 

portion size, of 124 food and drink items using the Diet History Questionnaire II, developed 

by the National Cancer Institute. Additional details concerning diet assessment are given in 

Appendix S1.

The physical activity survey employed in MILES is the well-validated instrument used in the 

Multi-Ethnic Study of Atherosclerosis (MESA). The MESA Typical Week Physical Activity 

Survey was based on the Cross-Cultural Activity Participation Study.17 How the MESA 

survey was implemented has been previously described.18 The survey yields estimates of 

different degrees of physical activity (light, moderate and vigorous) in metabolic equivalent 

(MET) minutes per week. Herein, we analysed total physical activity as the sum of light, 

moderate and vigorous physical activity.

2.4 | Phenotyping insulin homeostasis

To achieve the best balance of quality phenotyping without undue burden on participants, 

the oral glucose tolerance test (OGTT) is being used to obtain measures of insulin 

homeostasis (Table 1). Following an overnight fast, venous blood samples are obtained 

for the measurement of plasma glucose, insulin and C-peptide before (fasting) and 30 

and 120 minutes after the oral administration of a 75 g glucose load. While several OGTT­

derived indices of insulin sensitivity/resistance have been developed, we will utilize the 

Matsuda insulin sensitivity index (ISI), which is highly correlated with directly quantified 

(by euglycaemic clamp) insulin sensitivity (r 0.7–0.8).19 Furthermore, the Matsuda ISI can 

be calculated using fewer than five OGTT time points, without reduction in correlation with 

directly measured insulin sensitivity.20 Our measure of insulin secretion is the area under 

the curve (AUC) for insulin from baseline to 30 minutes over the corresponding AUC for 

glucose (AUC-Ins30/AUC-Glu30). This measure was found to be highly correlated with first 

phase insulin secretion from the intravenous glucose tolerance test (r = 0.7).19 In addition, 

this AUC-based insulin secretion measure has been found to have a hyperbolic relationship 

with insulin sensitivity, consistent with the relationship found when insulin secretion and 

insulin sensitivity are measured with gold standard physiologic tests.21 This relationship 

allows calculation of the disposition index, the product of insulin secretion and insulin 

sensitivity (herein, DI30 = ISI x AUC-Ins30/AUC-Glu30), which represents an index of 

insulin secretion that accounts for its degree of compensation for insulin resistance. Insulin 

clearance is measured as the AUC of C-peptide over the AUC of insulin (AUC-Cpep/AUC­

Ins), a commonly used index of hepatic insulin extraction given that the liver clears insulin 

but not C-peptide.22 We will also explore other emerging indices of insulin homeostasis 

traits.
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The methodology for measurement of plasma SCFA is described in Appendix S1. We are 

also storing blood samples for future use, which may include assessment of additional 

metabolites that may mediate the relationship between the gut microbiome and metabolism, 

as well as DNA extraction for human genotyping.

2.5 | Statistical analysis

T-tests (quantitative traits) or chi-square tests (sex, ethnicity) were used to compare baseline 

characteristics between African Americans and non-Hispanic whites and between women 

and men. Multivariable analyses were carried out using multiple regression wherein each 

insulin homeostasis trait was analysed as a dependent variable, and sex, ethnicity, age, 

body mass index (BMI) and physical activity were the independent variables. Regarding 

demographic variables (marital status, education, income, smoking, alcohol use, BMI 

categories, family history of prediabetes or diabetes), we conducted two-sided tests of 

difference of proportions (chi-square test) to test for differences in the distribution of 

proportions between racial groups. Microbiome analyses, power calculations and the 

handling of potential confounding factors are described in Appendix S1.

3 | RESULTS

Baseline quantitative traits (Table 2) and demographic characteristics (Table 3) of the cohort 

are presented. Table 2 includes the insulin homeostasis traits (derived from the OGTT) that 

are the main endpoints of the study. African American participants are slightly younger, and 

have higher blood pressure, weight, BMI, waist and hip circumferences but a similar waist­

hip ratio compared with the non-Hispanic white participants. In addition, African American 

participants generally are less insulin-sensitive but have higher acute insulin secretion and 

lower insulin clearance, compensatory responses that result in similar glucose levels, higher 

fasting insulin levels, and fairly similar disposition index. Physical activity did not differ 

between the two racial groups.

Men had higher weight and height than women, but similar BMI. In having a larger waist 

circumference and lower hip circumference, men had a higher waist-hip ratio than women. 

Men also had higher blood pressure. Men were more insulin-resistant than women, with 

compensatory increases in insulin secretion and decreases in insulin clearance apparently 

insufficient, as their fasting glucose levels remained higher and disposition index lower, 

in contrast to the more effective compensation observed in African Americans versus non­

Hispanic whites. Physical activity was similar between men and women.

Table 3 notes higher rates of being single, divorced or separated in African Americans. 

Educational attainment and income were higher in non-Hispanic whites. Rates of smoking 

were higher in African Americans while alcohol use was more common in non-Hispanic 

whites. The proportion of African Americans in the overweight and obese weight categories 

was higher. Family histories of prediabetes or diabetes were similar between the racial 

groups.

Multivariable analyses examining the correlates of age, sex, BMI, ethnicity and physical 

activity with insulin sensitivity, insulin secretion, disposition index and insulin clearance are 
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presented in Table 4. BMI was highly correlated with all four traits, with the strongest effect 

on decreased insulin sensitivity. African American ancestry was independently associated 

with increased insulin secretion and disposition index and lower insulin clearance but did 

not correlate with insulin sensitivity. Female sex was associated with increased insulin 

sensitivity and insulin clearance. Older age was associated with decreased disposition index 

via decreased insulin sensitivity. In having an opposite direction of correlation with insulin 

sensitivity and insulin secretion, physical activity was not associated with disposition index.

4 | DISCUSSION

This studyʼs deep sequencing is designed to find different bacterial profiles that associate 

with each insulin homeostasis trait change in the two racial groups. Whole metagenome 

shotgun sequencing also has the advantage of being able to reveal that the functions encoded 

by these bacteria may be similar between the different groups. This has been observed 

in the metagenomic sequencing studies in T2D; while different microbiome profiles were 

associated with T2D in Europeans compared with Chinese, these profiles encoded several 

similar functions.23,24 Identifying the fundamental microbial functions that influence insulin 

homeostasis changes may provide critical insight into how gut bacteria may predispose to 

T2D; interventions targeting these functions rather than specific bacteria may ultimately 

prove clinically useful.

4.1 | Focus on SCFA

SFCA (the most abundant [≥95%] of which are acetate, propionate and butyrate) are the 

most widely studied gut microbial metabolites. Intestinal microbes generate SCFA by 

fermenting dietary carbohydrates that humans cannot digest. SCFA have been extensively 

reported to improve glucose homeostasis and metabolism in adipose, muscle and liver.25 

Examples include: (a) SCFA signal through the G-protein coupled receptors GPR41 and 

GPR43 (free fatty acid receptors FFAR3 and FFAR2, respectively) to promote the release 

of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) by intestinal L cells and leptin 

by adipose tissue, hormones that promote satiety and improve insulin secretion (GLP-1) 

and insulin sensitivity (PYY); (b) SCFA have insulin-sensitizing effects; and (c) SCFA 

may reduce mucosal and chronic systemic inflammation.25 While the balance of literature 

suggests that butyrate confers metabolic benefits, whether this is true for other SCFA is less 

certain.26

4.2 | Detailed phenotyping of intermediate traits

Most large cohort studies have limited phenotypic data relevant to T2D, typically only 

fasting glucose and insulin. While convenient to measure in large epidemiological studies, 

these fasting measures imprecisely represent the components of insulin homeostasis 

(sensitivity, secretion and clearance). We found that fasting insulin was determined by 

insulin sensitivity and insulin clearance in almost equal proportions.27 We are using 

the OGTT to provide the three measures of insulin homeostasis. To date, several cross­

sectional microbiome-wide studies have been performed comparing individuals with T2D 

with unaffected controls.9 The current study focuses on insulin homeostasis traits wherein 

derangement precedes and defines T2D. The associations observed between microbiome and 
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change in components of insulin homeostasis, particularly those associated with reduced 

insulin sensitivity and reduced insulin secretion, may be enriched for organisms that may be 

causal for T2D.

4.3 | Gut microbiota and insulin resistance

The role of the microbiome in mediating insulin resistance is emerging. A human study 

transplanted faecal material from lean healthy donors into the small intestines of individuals 

with the metabolic syndrome, resulting in improved peripheral muscle insulin sensitivity (by 

euglycaemic clamp) 6 weeks later that correlated with an increase in butyrate-producing 

bacteria (e.g. Roseburia intestinalis).28 In obese men, 1 week of vancomycin (which targets 

Gram-positive bacteria such as the butyrate producer F. prausnitzii) reduced gut bacterial 

diversity and peripheral insulin sensitivity, while amoxicillin (which targets Gram-negative 

bacteria) had no effect.6 A metagenomic sequencing study conducted with a focus on 

insulin sensitivity (notably, using the same Matsuda index we will use) found numerous 

species positively or negatively associated with insulin sensitivity,29 several of which were 

previously associated with T2D.23,24

4.4 | Gut microbiota and insulin secretion

Insulin secretion is also influenced by the gut microbiota. Several studies suggest that 

particular bacterial taxa increase gut permeability, increasing the absorption of metabolites 

or toxins that affect pancreatic β-cells.30 SCFA, via signalling through G-protein coupled 

receptors on L cells, promote gut secretion of GLP-1, which potentiates insulin secretion.25 

SCFA receptors are also found on β-cells, suggesting direct effects on insulin secretion.31 

Bile acids, whose production is influenced by gut bacteria, may also affect GLP-1 

secretion.6 Given the above-described prominent effects of SCFA on insulin sensitivity and 

insulin secretion, we hypothesize that levels of SCFA-producing bacteria, at baseline and as 

they change over time, will predict changes in these traits.

4.5 | Gut microbiota and insulin clearance

We are not aware of any literature examining microbiota effects on insulin clearance; 

however, given the literature implicating gut microbiota alterations in non-alcoholic fatty 

liver disease,32 and the known effect of fatty liver to impair insulin clearance (the liver being 

the main organ that clears insulin),33 it is probable that we will observe microbial profiles 

associated with insulin clearance. The paucity of data for this insulin homeostasis trait is an 

opportunity for new discoveries in MILES.

4.6 | Diet can modify the gut microbiota

Habitual (long-term) diet is a key determinant of the gut microbiota, as gut microbes 

appear to adapt to the host diet or co-evolve with the host.34 Given that bacteria have 

differing abilities to metabolize diet substrates, the diet can exert selective pressure on 

the composition of the microbiome. The microbiota of vegetarians differ from those of 

carnivores.35 Changes in diet composition can result in shifts in microbial populations, 

even as early as 1 day after the change in diet.36 Many of the effects of diet on glucose 

homeostasis may be mediated by SCFA produced by gut microbes. Consumption of resistant 
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starch or fermentable fibres increases plasma and faecal SCFA levels and improves fasting 

glucose and insulin levels, whereas high-fat diets reduce SCFA levels.37 Short-term (1–3 

days) intake of food rich in non-digestible carbohydrates improved glucose tolerance and 

peripheral insulin sensitivity, associated with an increase in circulating SCFA and GLP-1.38

4.7 | Multi-racial study

Prior microbiome studies of T2D did not focus on high-risk minorities. Compared with 

non-Hispanic whites, diagnosed T2D is twice as common among African Americans.39 

Many studies have established ethnic and racial differences in insulin sensitivity, insulin 

resistance and insulin clearance, which underlie differences in the prevalence of T2D. 

African Americans have increased insulin resistance, increased insulin secretion and lower 

hepatic insulin clearance compared with non-Hispanic whites.40 Increased insulin secretion 

and reduced insulin clearance in ethnic or racial groups with greater insulin resistance 

is consistent with our conceptual model, where T2D emerges when these compensatory 

mechanisms are insufficient. The Human Microbiome Project obtained samples from 

multiple body sites in 300 healthy individuals, and profiled the microbiome with 16S 

rDNA sequencing and shotgun metagenomic sequencing.7 Between individuals, race/ethnic 

background was the strongest determinant of compositional and functional differences. 

However, unlike our study, this research did not assess habitual diet, which differs between 

these groups. Inter-racial/ethnic microbiome variation may reflect differences in early and 

lifetime environmental exposures, social/cultural practices, diet and genetics. A key question 

addressed in our study is whether race-specific microbial profiles are associated with 

differences in T2D risk via effects on insulin homeostasis. Conversely, MILES provides 

a key opportunity to identify microbial associations with insulin homeostasis that are shared 

between racial groups.

5 | CONCLUSION

In conclusion, several studies have documented compositional and functional differences 

in the gut microbiota in humans with T2D compared with controls9; however, these 

studies have been cross-sectional and results may be influenced by medication use (e.g. 

metformin in T2D).5 Therefore, whether the gut microbiome differences are a cause or a 

consequence of T2D remains unknown. In many instances, SCFA-producing bacteria were 

reduced in T2D; an extensive body of literature suggests that SCFA (particularly butyrate) 

produced by gut microbes may positively influence insulin sensitivity and insulin secretion, 

with effects that would prevent T2D. Given the public health implications, this evidence 

warrants further study to establish whether the gut microbiome contributes to T2D risk. 

Our study provides the much-needed prospective cohort study that will identify microbial 

compositional and functional changes that contribute to deterioration in insulin homeostasis 

and thus predispose to T2D, allowing determination of whether microbial shifts trigger host 

disease or vice versa, and the contributing role of diet and circulating SCFA. MILES has 

substantial translational potential, as it may identify eating patterns that warrant further 

investigation under more controlled dietary conditions for their ability to influence the 

trajectory of insulin homeostasis. It may also identify particular diabetogenic microbiomes 
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independent of diet, setting the stage for prebiotic (foods that promote proliferation of 

beneficial species), probiotic or antibiotic trials to prevent and treat T2D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Flowchart of participant recruitment. The flowchart provides the numbers of individuals 

screened, determined as ineligible, declined participation at the time of screening, and those 

that did not attend the first study visit scheduled, to arrive at the final number enrolled
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TABLE 1

Insulin homeostasis traits from the OGTT

Trait Definition

Insulin sensitivity index (ISI) 10 000/square root of (Glu0 × Ins0 × Glumean × Insmean)

Insulin secretion AUC-Ins30/AUC-Glu30

Insulin clearance AUC-Cpep/AUC-Ins

Abbreviations: AUC, area under the curve; Cpep, C-peptide; Glu0, Ins0, fasting glucose, insulin; Glumean, Insmean, mean glucose and insulin 

concentrations during OGTT; G30, I30, 30 minute glucose, insulin.
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