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Abstract
Comparative Analysis of Type 2 Diabetes Pathophysiology Across Multiple Ethnicities
By Rohan Shah

Purpose: Type 2 diabetes is a complex chronic disease that develops under different conditions
of risk globally. Heterogeneity in diabetes pathophysiology will be examined by comparing
several high-risk populations across a wide spectrum of BMI and by examining the relative
contributions of insulin resistance and B-cell function on diabetes pathophysiology across these
populations, with particular emphasis on African and Asian Indian populations.

Methods: Participants were from four different cohorts without known diabetes: Asian Indian
(n=1750), African-born blacks living in America (African immigrants, n=523), Mixed ancestry
South African (n=1112), and African Americans (n=185). All participants had a 75g oral glucose
tolerance test, with glucose and insulin measured at 0 and 120 minutes, and glucose and insulin
at 30 minutes was additionally measured in Asian Indians, African immigrants, and African
Americans. Participants were classified on glycemic status based on the American Diabetes
Association criteria cutpoints. Key measures of insulin resistance (HOMA-IR: ([insuling x
glucose]/ 22.5)) and B-cell function (insulinogenic index: ([(insulingo - insuling) / (glucoseso -
glucosey)]) were calculated and compared between ethnicities by ANOVA and logistic
regression.

Results: SA-Mixed ancestry were the oldest (mean 45.6 + SD 13.8, Asian Indians: 38.9 + 10.8
years; African immigrants 38.5 + 10.3 years; African Americans 34.5 + 7.8 years). African
Americans had the highest BMI (mean 34.5 + SD 7.8 kg/m?; SA-Mixed ancestry 28.6 + 8.2;
African immigrants 27.7 £+ 4.5; Asian Indians 25.8 + 4.9). Fasting glucose adjusted for age, sex,
and BMI was highest in Asian Indians (mean 101.2 mg/dL + SE 0.6; African immigrants 92.3 +
1.1; SA-Mixed ancestry 89.9 + 0.7; African Americans 86.6 £ 1.8). Adjusting for age, sex, and
BMI, Asian Indians were the most insulin resistant (HOMA-IR 2.3 + SE 0.1; SA-Mixed ancestry
2.1 £0.1; African immigrants 1.6 = 0.1; African Americans 1.6 = 0.2) and had the poorest
insulin secretion (Insulinogenic Index 0.8 pmol/mmol + SE 1.0; African immigrants: 1.4 + 1.0;
African Americans: 1.4 £+ 1.1). Among prediabetes subtypes Asian Indians had predominately
impaired fasting glucose (ilFG: Asian Indians 17.3%; SA-Mixed ancestry 6.2%; African
immigrants 4.8%; African Americans 2.7%), whereas African subgroups had predominately
impaired glucose tolerance (iIGT: African immigrants 20.7%; African Americans 20.5%; SA-
Mixed ancestry 9.8%; Asian Indians 3.2%) .The odds of prediabetes versus normoglycemia after
adjusting for age, sex, and BMI was lowest in African immigrants (OR insulinogenic index:
0.36, 95% CI: 0.26, 0.49; Asian Indians 0.49, 95% CI: 0.42, 0.57; African Americans 0.45, 95%
CI: 0.27, 0.74).

Conclusion: In the early natural history of disease, heterogenous pathways of disease
development seem to be present among the four populations. Asian Indians have poor insulin
secretion, as do African immigrants, but the pathways leading to impairments in insulin secretion
may vary across mechanisms related to glucose tolerance rather than maintenance of basal
glucose. The compensation for hyperglycemia may be greater in SA-Mixed ancestry who had
varying levels of insulin resistance compared to the other populations. African Americans appear
to have improved B-cell function even in the presence of insulin resistance.
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Introduction

Globally, diabetes mellitus (DM) is a public health pandemic as the burden continues to
rise causing a large impact on the daily lives of many individuals and communities. It is
estimated that 537 million individuals ages 20 — 79 are living with diabetes as of 2021, a
meteoric rise from an estimated 151 million individuals in 2000 (International Diabetes
Federation, 2021). Additionally, 80% of diabetes cases are in low- and middle-income countries
(International Diabetes Federation, 2021). Diabetes continues to be a population-level problem
across multiple regions around the world. The countries with the highest prevalence of diabetes
include China, India, Pakistan, United States, and Indonesia (International Diabetes Federation,
2021). Epidemiologic trends indicate growth in the prevalence amongst island nations in the
Pacific Ocean and Southeast Asian countries over the past 20 years (Khan et al., 2020).
Additionally, Africa has the highest percentage of individuals with undiagnosed diabetes, with
lack of reliable of data making it difficult to estimate the overall prevalence (International
Diabetes Federation, 2021).

Type 2 diabetes accounts for about 90% of all diabetes cases worldwide (Kotwas et al.,
2021). The global burden of disease (GBD) is measured in disability-adjusted life-years
(DALY s) which quantify the relative magnitude of healthy life that is lost associated with a
specific injury or disease (Salomon, 2014). In 2017 the DALY s for type 2 diabetes were 751 per
100,000, which was seventh highest among all causes tracked (Khan et al., 2020). There are
several risk factors associated with type 2 diabetes including family history of diabetes, high
body mass index (BMI), limited physical activity, smoking, and poor diet (Wu et al., 2014).
Type 2 diabetes is a chronic condition where the body has abnormal high levels of glucose in the

blood. The pancreas contains islet beta B-cell function which are responsible for the production



and release of hormonal insulin. When the body detects higher levels of glucose, insulin is
released in response with the goal of keeping glucose levels at the proper physiological state
(Galicia-Garcia et al., 2020). However, the beta cells can have impaired function when blood
glucose levels creep up into high concentrations, as occurs in prediabetes and type 2 diabetes.
Dysglycemia is caused by two factors: poor insulin sensitivity (i.e., insulin resistance) and poor
insulin secretion (i.e., B-cell dysfunction).

Insulin resistance can be defined as the decreased ability of cells in the liver, fat, and
muscles to respond to insulin, decreasing the body’s ability to uptake glucose (Galicia-Garica et
al., 2020). The development of insulin resistance can be a precursor to developing type 2
diabetes over time. In patients with type 2 diabetes, a prolonged hyperglycemic state can lead to
the pancreas being unable to produce enough insulin to overcome the weak response of the cells
(Galicia-Garica et al., 2020). Obesity, physical inactivity, and older age are risk factors for
diabetes that are associated with insulin resistance (Amati et al., 2009). Insulin resistance is
present in the early phase of diabetes leading to impaired glucose tolerance among patients
(Goldstein, 2002). Poor insulin sensitivity due to insulin resistance is just one factor affecting
dysglycemia.

The other factor relating to type 2 diabetes development is poor insulin secretion. In -
cell dysfunction insulin secretion is impaired, and a hyperglycemic state over time can lead to
impaired B-cells. Due to the very narrow physiological range healthy of blood glucose
concentration, any impairment in the pathway over a prolonged period can greatly affect B-cell
function and worsen the state of hyperglycemia in the body. The loss of B-cell mass due to B-cell
dysfunction, functional defects, or both play a role in the pathway leading to Type 2 diabetes

(Cho et al., 2010). A previous study of European patients found a reduction of 39% in average



B-cell mass among patients with type 2 diabetes compared to matched controls (Rahier et al.,
2008). Another study concluded that B-cell mass decreased in patients with type 2 diabetes due to
apoptosis (Butler et al., 2003). If B-cells are unable to compensate for the loss of mass and
apoptosis B-cell dysfunction continues (Cerf, 2013). While B-cell dysfunction can be a long-term
process, with many patients not exhibiting or recognizing symptoms as the disease progresses, it
plays a large role in type 2 diabetes development (Cerf, 2013).

The traditional paradigm for the development of Type 2 diabetes has been recognized as
a combination between environment, lifestyle, and genetic factors (Murea et al., 2012). The
paradigm follows the two-step model which states a shift from normal to impaired glucose
tolerance is caused mainly by insulin resistance, while the shift from impaired glucose tolerance
to type 2 diabetes is driven by B-cell dysfunction (Saad et al., 1991). The conventional thinking
is to maintain normoglycemia, the body increases insulin production due to insulin resistance.
Over time, the B-cells in the pancreas are strained and not able to produce enough insulin to
overcome the insulin resistance leading to the development of type 2 diabetes long-term
(DeFronzo et al., 1992). This stepwise process characterizes type 2 diabetes development in one
approach, but recent research indicates a potential shift in the model.

While this traditional paradigm has been the conventional thinking, there has recently
been a shift to examining if heterogeneity is present in the development of diabetes.
Heterogeneity in disease pathways relates to which pathway (insulin resistance or S-cell
dysfunction) is the dominant pathway in disease development (Tumoi et al., 2014). This
challenges the traditional paradigm as B-cell dysfunction may have a larger primary role in
diabetes development, especially in the early phase of disease (Gerich, 2003). The variations in

mechanisms are connected to certain individuals who present with unique phenotypes, which



may not be captured by the traditional paradigm (Ahlqvist, 2018). Understanding the
heterogeneity in disease development and progression, especially among non-traditional
phenotypes may help to better understand diagnosis and treatment for different groups.

Most prior research has focused on individuals who are obese, physically inactive, and
live sedentary lifestyles or those with a familial history of type 2 diabetes (Olokoba et al., 2012).
A previous study found that the risk of type 2 diabetes was doubled in patients with higher
abdominal obesity (Freemantle et al., 2008). Another study of patients in the United States found
a strong and independent association between BMI and risk of type 2 diabetes (Ganz et al.,
2014). While the increased risk for type 2 diabetes in individuals with higher BMI is known,
there is an assumption that those with low BMI are at low risk. In contrast, Asian Indians, who
normally exhibit a thin BMI phenotype, have a high prevalence of diabetes (Staimez et al.,
2019). When evaluating diverse populations, conventional factors like BMI do not account for
the high burden of disease in some countries (Dagenais, 2016). Additionally, recent studies
amongst multi-ethnic normal weight populations suggest a large prevalence of cardiometabolic
abnormalities among various populations, indicating a need to investigate further among groups,
especially different ethnic groups, who may screen normal under conventional risk factors
(Gujral et al., 2017). There is a paucity of research across minority populations or wide BMI
spectrum to better understand the risk for those with specific phenotypes.

In Asian Indians a high prevalence of type 2 diabetes is seen compared to other ethnic
groups despite being having a thin BMI phenotype (Staimez et al., 2019). Asian Indians also
have been found to have high basal insulin levels without obesity and adverse fat distribution
seen as primary drivers, indicating there may be other factors related to insulin resistance among

the group (Mohan et al., 1986; Dowse et al., 1993). In younger South Asian men with relatively



low insulin resistance, a study found poor insulin secretion as a driver to diabetes development
(Narayan et al., 2021). Analysis of data for Asian Indians suggests poor insulin secretion,
especially in the early phase of disease as a significant pathway of disease development (Staimez
et al., 2019). While findings in disease development Asian Indians are well characterized there
are other groups that needs further research, including populations of African descent, who have
a higher prevalence of type 2 diabetes compared to European and white populations (Marshall,
2004; Rodriguez et al., 2017; Goedecke et al., 2020).

Among those with African descent there are several different populations: Native
Africans currently residing in Africa, African-born Blacks who are now living in the United
States, and African Americans born in the United States. Previous studies in African born Blacks
living in United States found B-cell failure as a primary driver in abnormal glucose tolerance
(Ishimwe et al., 2021). In a subset of native Africans over three years there was an increase in
worsening glucose tolerance among the cohort of mixed ancestry South Africans (Matsha et al.,
2012). Analysis of participants with impaired fasting glucose comparing Ghanaians in Ghana
versus migrant Ghanaians found insulin resistance as a major driver compared to p-cell
dysfunction (Meeks et al., 2017). The differences in results from the various studies highlight the
need for further investigation into the disease development among populations of African
descent.

Measures such as glucose tolerance, plasma insulin, and anthropometric measures can be
used to compare degrees of insulin resistance and B-cell dysfunction. This study seeks to explore
the relative degree of insulin resistance and B-cell dysfunction contributes to the pathophysiology
of diabetes among various African populations, compared to the Asian Indian population which

have well characterized -cell function.



Literature Review
Traditional Paradigm of Type 2 Diabetes

There are several key organs involved in the mechanism of type 2 diabetes development,
including but not limited to, the pancreas, liver, muscles, brain, and kidneys (DeFronzo, 2009).
The traditional paradigm of type 2 diabetes development suggests that individuals have genes or
risk factors which make their tissues more prone to insulin resistance. In response B-cell produce
insulin to meet the demand for glucose lowering. However, over time exhaustion of  B-cells can
lead them to fail, and individuals are unable to produce enough insulin to reduce glucose levels
leading to the development of type 2 diabetes (DeFronzo et al., 1992). A previous study of Pima
Indians proposes two models in the development of disease: insulin resistance in the transition
from normal glucose tolerance to impaired glucose tolerance and B-cell dysfunction in the
transition from impaired glucose tolerance to diabetes (Saad et al., 1991). More recent studies
have postulated similar models for type 2 diabetes disease development. Insulin resistance in the
liver leads to an overproduction of glucose and insulin resistance in the muscles leads to
impaired glucose uptake, causing a state of increased glucose. As -cells become unable to
produce enough insulin to compensate for the insulin resistance, -cell dysfunction occurs
leading to a rise in fasting plasma glucose and the onset of recognizable type 2 diabetes
(Defronzo 2009, Galicia-Garcia et al. 2020).

Genetic differences present between ethnic groups contribute to the variation in the shift
from normal glucose tolerance (NGT) to impaired glucose tolerance (IGT) to type 2 diabetes
(Abdul-Ghani et al., 2007), as well as the shift from NGT to impaired fasting glucose to type 2
diabetes (Staimez et al., 2013). Insulin resistance occurs in greater than 85% of all patients with

Type 2 diabetes, coupled with progressive -cell dysfunction which drives the shift from NGT to



Type 2 diabetes (Del Prato et al., 2009). Previous cross-sectional studies have found that on

average patients with IGT have higher rates of obesity and increased insulin resistance compared

to patients with NGT (Weyer et al., 1999). Additionally, environment and lifestyle factors are

widely recognized as contributing to the traditional paradigm of Type 2 diabetes development

(Galicia-Garcia et al., 2020). While the traditional paradigm of Type 2 diabetes has been largely

studied, there is increasing evidence that multiple paradigms can explain disease development.
Heterogeneity in Type 2 Diabetes

Heterogeneity of disease development requires a new way of examining and treating
disease processes that recognize diversity across human populations, resulting from a different
set of biological and environmental factors that impact the development of this complex chronic
disease. Biological, social, environmental, genetic, lifestyle, and clinical factors all play a role in
insulin resistance and B-cell dysfunction contribute to the development of Type 2 diabetes
(Redondo et al., 2020). However, there is still a more research needed on the social,
environmental, and genetic factors in the disease development of type 2 diabetes and associations
with different ethnic populations (Ali et al., 2016).

Studies comparing a diverse set of populations have suggested heterogenous pathways
are present in the development of Type 2 diabetes. Those with diabetes have different
characteristics than can affect disease development. One study compared the physiologic
response in a large sample of Pima Indians in the United States (n=865) and Asian Indians from
Chennai, India (n=2374) both groups with a high prevalence of type 2 diabetes and who are
phenotypically different. Pima Indians generally have higher amounts of obesity and insulin
resistance among their population, while Asian Indians generally have a lower BMI indicating a

more lean/thin phenotype. Poor insulin secretion was found in Asian Indians while high insulin



resistance was found in Pima Indians indicating differences in mechanisms of disease for each
group in the early course of diabetes (Staimez et al., 2019). A recent study found in young non-
obese South Asian men a higher incidence of diabetes compared to Pima Indian men. In obese
South Asians the incidence of diabetes was like Pima Indians. These findings suggest differences
in diabetes development among Asian Indians and Pima Indians, despite high incidence of
diabetes among the groups (Narayan et al., 2021).

In African populations, there is limited data available examining various phenotypes and
heterogeneity in disease manifestation. The continent of Africa is considered to have the highest
genetic heterogeneity, with environmental and clinical exposures that are not found in other areas
(Kibirigie et al., 2019). Previous studies in Northern Ethiopia found a lower mean age and
median BMI among patients with diabetes which does not fit the conventional wisdom of older
and obese patients (Gill et al., 2011). Another study identified a high prevalence of insulin
resistance and reduced insulin secretion among a small group of Nigerians with type 2 diabetes
compared to controls. While these results may be seen as significant, most patients were obese
and the sample was not representative (Oli et al., 2009). A study of non-obese participants native
to Ghana found patients with impaired fasting glucose and type 2 diabetes associated with insulin
resistance and beta cell dysfunction. Due to the cross-sectional nature of the study, researchers
were unable to identify predictors of impaired fasting glucose and type 2 diabetes among the
population (Amoabh et al., 2002). These studies focused on single populations within Africa, but
each showed different mechanisms for disease development of type 2 diabetes that should be
studied further.

In African Americans, there is also conflicting and limited data available to understand

the variations in the pathways of disease development in type 2 diabetes. A study comparing



African American and White women found that African Americans had lower insulin sensitivity
independent of obesity, fat distribution, or inflammation (Hyatt et al., 2009). Another study
comparing non-Hispanic Whites, African Americans, South Asian, and East Asian participants
found similar levels of insulin resistance in Whites and African Americans, and higher levels of
insulin resistance among the Asian populations after adjusting for BMI (Raygor et al., 2020).
The discrepancies in understanding the level of insulin resistance driving disease development
may be due to differences in methodology of studies, or alternatively may be due to the inherent
differences in pathways leading to diabetes. Understanding the differences in disease
development in African Americans compared to other ethnic groups can help to provide a better
foundation for mechanistic targets for future research, targets that may eventually impact tailored
guidelines for diabetes prevention, diagnosis, and treatment, instead of relying on the current
standard guidelines used for all individuals that do not account for important population
differences in risk factors or disease pathogenesis.
Current Findings in Asian Indians

Type 2 diabetes continues to be a large global health issue in India, which has the second
largest population with about 74.2 million individuals with diagnosed diabetes (International
Diabetes Federation, 2021). This is a significant increase from 10 years prior, when an estimated
61.3 million individuals had diagnosed diabetes in India (International Diabetes Federation,
2011). Asian Indians may have some inherent levels of type 2 diabetes risk irrespective of
country of residence. Comparisons of Asian Indians to various populations in other countries
have shown that Asian Indians have a higher risk of diabetes. For example, a study of Asian
Indians who had immigrated to the United States who were randomly selected from seven

different urban sites. They found a prevalence rate of type 2 diabetes of 17.4%. The prevalence
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was much higher than the comparison data from the American Diabetes Association and Centers
for Disease Control for non-Hispanic whites (7.8%) and non-Hispanic blacks (13%) (Misra et al.,
2009). Another population-based study in California known as the Mediators of Atherosclerosis
in South Asians Living in America (MASALA) study, found an even higher prevalence rate of
diabetes (29%) among Asian Indians participants (Kanaya et al., 2010). The prevalence type 2
diabetes among Asian Indians living in Chennai, India (25.2%) was also higher compared to
non-Hispanic Whites (13.1%), non-Hispanic blacks (15.1%), and Hispanics (16.2%) participants
from the National Health and Nutrition Examination Survey (NHANES) in the United States
(Gujral et al., 2016). The high prevalence of diabetes among Asian Indians, despite location
indicates there may be a specific phenotype associated with the ethnicity making it more prone to
developing type 2 diabetes.

Along with overall prevalence, Asian Indians have been seen to have high prevalence on
type 2 diabetes at lower BMI. Asian Indians are “thin-fat” with greater body fat composition, but
lower muscle mass compared to Caucasians or Africans (Joshi, 2012). A review by Gujral et al.
(2013) found that when defined by BMI, Asian Indians have lower rates of obesity, but a higher
amount of central obesity defined by large waist circumferences and waist to hip ratios. One
study compared Asian Indian participants from Chennai, India and MASALA study participants
from the United States found a higher prevalence of diabetes amongst normal BMI participants
from Chennai, who were Asian Indians living in India, despite lower overall BMI and waist
circumference measurements than MASALA participants living in the United States (Gujral et
al., 2015). Another study compared Asian Indians from the Chennai, India, and non-Hispanic

whites from NHANES and found a higher prevalence of diabetes in Asian Indians in both
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underweight and normal weight groups indicating there are possible ethnic differences in the
population make up of type 2 diabetes (Gujral et al., 2018).

There is growing evidence among Asian Indians that -cell dysfunction is involved in the
early natural history of type 2 diabetes development, in addition to insulin resistance, even in low
BMI and younger age groups. One study suggested that B-cell dysfunction in Asian Indians
could have an independent effect on the pathogenesis of type 2 diabetes, a potential indication of
innate susceptibility among this group (Gujral et al., 2014). Results from a study with Asian
Indian participants with mild dysglycemia from Chennai, India suggested that §-cell dysfunction
could be a driving factor in developing Type 2 diabetes (Staimez et al., 2013). Another study
focusing on Asian Indians with onset of Type 2 diabetes compared to those with prediabetes at
25 years old or younger matched for age and sex, found that B-cell dysfunction was more
strongly associated with type 2 diabetes (Mohan et al., 2013) compared to insulin resistance.
Further research is warranted, especially in Asian Indians of across a range of ages of BMI to
better understand the development of Type 2 diabetes amongst the population.

Current Findings in Africans & African Americans

African populations are heterogenous in nature, each with a unique set of characteristics
that can affect type 2 diabetes development. High quality data on native born Africans currently
residing in Africa is difficult to obtain, even as the prevalence of prediabetes and diabetes is
expected to grow significantly in this group over the next 20 years. The differences in regions,
lifestyles, disease prevalence, ethnic variations and environmental factors among Africans makes
it a complex group to characterize. By contrast, there is more known about the prevalence of type
2 diabetes among African Americans within the United States. Data from NHANES from 1999

to 2010 indicated almost a doubling of the prevalence of type 2 diabetes from 7.9% to 14.1% in
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African Americans (Ferdinand et al., 2015). More recent data from the Centers for Disease
Control (CDC) showed an age-adjusted prevalence of 12.7% in non-Hispanic blacks (Golden et
al., 2019). While not as high as Asian Indians, the prevalence is higher than non-Hispanic whites.
One study indicated that African Americans are known to have higher BMI and worse
cardiometabolic health compared to whites in the United States (Brancati et al., 2000). The high
prevalence of prediabetes and diabetes and the factors surrounding disease development in
African Americans are important to understand the proper thresholds for treatment. African
immigrants in the United States are those who were born in Africa and have thus immigrated to
the United States. A previous study from the Africans in America cohort, found a prevalence of
newly diagnosed type 2 diabetes at 7% among participants (Ishimwe et al., 2021). A study
outside the United States, based in the United Kingdom, found the prevalence of type 2 diabetes
was three times higher in West African immigrants than in the general population (Alloh et al.,
2021). African immigrants are unique as they may be benefitting from the healthy immigrant
effect or there may be a loss of the effect over time (O’Conner et al., 2014). Due to the wide
range of prevalence and unique presentation of each group there is a need to further study
similarities and differences in type 2 diabetes disease development.

Africans living in Africa

There is a significant burden of type 2 diabetes within Africa, but lack of reliable data
and information. Only about 30% of Africans are aware diabetic status, making it difficult to
assess the overall prevalence of type 2 diabetes within Africa (Pheiffer et al., 2021). Despite the
difficulty assessing the overall prevalence, the prevalence of type 2 diabetes in Africa is
predicated to have the largest relative increase by 2045. Several studies have attempted to

estimate the prevalence of diabetes, many through systematic reviews. A study of the
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International Diabetes Federation Africa Region estimated a prevalence of 4.9% in 2013,
however there is variance among low-income and high-income countries (Peer et al., 2014). In
Africans aged 55 and older, a systematic review with data from 2000 - 2015 found an overall
prevalence of 13.7% (Werfalli et al., 2016). Another systemic review focused on the prevalence
of type 2 diabetes in South Africa, one of the largest countries within Africa, found a pooled
prevalence of 15.2% (Pheiffer et al., 2021). The wide range of prevalence, especially among
specific countries or groups highlights the need to better understand differences in disease
development among Africans.

Previous studies have focused on specific populations within sub-Saharan Africa to
evaluate the disease pathway for diabetes. The Research of Obesity & Diabetes among African
Migrants (RODAM) study followed Ghanaians ages 25 — 70 years old living in Ghana (rural and
urban), Amsterdam, Berlin, and London. They found higher BMI in the urban populations
compared to rural Ghana and a large portion of the population had impaired fasting glucose
(IFG) (Agyemang et al., 2016). A study focused on Africans in South Africa, suggested that
Black Africans present with low insulin sensitivity and with hyperinsulinemia due to increased
insulin secretion and lower insulin clearance (Goedecke & Olsson, 2020). Therefore, these
studies show that some in the population may be more susceptible to the IFG form of prediabetes
and low insulin sensitivity may be a primary factor in the disease development among Africans
with specific phenotypes.

African Americans in the United States

In the United States the prevalence of type 2 diabetes among African Americans is about
13%, the second highest after Native Americans (Ng, 2013). Previous research in African

Americans has largely focused on comparisons to white populations. A previous study of African
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Americans and Caucasians found a 1.5 — 2.4-fold increase in the risk for developing type 2
diabetes among African Americans compared to Caucasians (Brancati et al., 2000). In a
representative sample of individuals ages 25 — 70 from NHANES a study found non-Hispanic
blacks had higher BMI and subscapular-to-triceps skinfold ratio, putting them at a greater risk
for developing diabetes over the 16-year period compared to Caucasians (Lipton et al., 1993).
When evaluating anthropometric data African Americans tend to have a higher overall BMI
compared to Caucasians (Brancati et al., 2000). A follow-up study to Lipton et al. found that
African Americans were at higher risk for type 2 diabetes across the BMI spectrum compared to
Caucasians, but especially at low BMI (Resnick et al., 1998).

Genetic factors may also play a role as observed in an analysis of African American
participants and African ancestry from the Atherosclerosis Risk in Communities (ARIC) Study,
the Jackson Heart Study, and Multiethnic Cohort (MEC) study. Using an admixture genetic
analysis, researchers found a significant association between type 2 diabetes and African
American participants with greater African ancestry indicating genetic factors could possibly
play a role, along with non-genetic factors (Cheng et al., 2012).

African immigrants in the United States

African immigrants have a unique set of characteristics including ethnic variations and
environmental differences which may affect the pathway of disease development in type 2
diabetes. A study of the Africans in America cohort (n=486), which includes Africans who have
immigrated to the United States, found the prevalence of newly diagnosed type 2 diabetes to be
7% among participants (Ishimwe et al., 2021). Previous studies in this population have also
focused on the prevalence and pathways for abnormal glucose tolerance. In a U.S.-based study,

only 1/3" of Africans with abnormal glucose tolerance (Abnl-GT) tests were associated



15

primarily with insulin resistance. In contrast, participants with abnormal glucose associated
primarily with B-cell dysfunction had a lower prevalence of obesity and less central obesity
(Ishimwe et al., 2021; Goff et al., 2013). In the upcoming years there is projected to be a large
increase in the prevalence of abnormal glucose tolerance within Africa across all BMI spectra
(Hobabagabo et al., 2020).

Previous studies comparing the health of African immigrants to African Americans have
postulated a “healthy immigrant” effect (Venters et al., 2009). While this has been shown in
some areas such as infectious disease, there is conflicting data about the presence of the effect in
metabolic health. A study focusing on the cardiometabolic health of African Immigrant men
versus African American men suggested that despite lower BMI, the cardiometabolic health of
African immigrants was worse and they had higher levels of glucose overall (O’Connor et al.,
2014). As migration continues, it will be important to understand how disease development may
differ based on ethnic variations and different environmental conditions of immigration.

With the projected rise in prevalence amongst African and African American populations
it is important to understand the mechanisms to developing type 2 diabetes. Importantly, we need
a wide spectrum of understudied ethnicities with high prevalence of diabetes to understand the
variation that exists in pathways to diabetes. As a first step, study population characteristics in
the pathophysiology of diabetes could expose variation in the relative contributions of B-cell
function and insulin resistance in diabetes development that can later be studied across
laboratory and clinical sciences for the development of new prevention strategies, something
sorely lacking now given the common one-size-fits-all approach for risk stratification and

clinical management.
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Objective of Study

While it is becoming increasingly recognized there is heterogeneity within the disease
development of type 2 diabetes, research is needed to compare a variety of populations globally
that develop high levels of diabetes under different conditions of risk. This study will look at a
wide spectrum of BMI and across four cohorts which have not been compared together in the
past. The main objective of this study is to examine the relative contributions of insulin
resistance and beta cell failure on diabetes pathophysiology across populations, with particular
emphasis on African and Asian Indian populations. The study will include the following African
groups: Africans that immigrated to the United States, African Americans in the United States,
and mixed-ancestry South Africans in Africa, and these groups will be compared to Asian
Indians, a population that has been previously found to have large impairments in 3-cell function
in the early natural history of diabetes.

Methods
Study Population

Study participants for this analysis originated from four different cohorts. Descriptions of
the cohorts are provided below.

(1) Asian Indian (n=1750) participants from the Centre for cArdiometabolic Risk
Reduction in South-Asia Surveillance Study (CARRS) were adults 20 or older in 2011,
permanent residents of the household and non-pregnant. A representative sample and multi-stage
cluster sampling was used to select urban and semi-urban (about 5 million) residents from
Chennai, India. Ethical approval for human subjects’ research for CARRS-Chennai was obtained
from the ethics committees at Madras Diabetes Research Foundation (MDRF) and Emory

University (Nair et al., 2012).
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(2) African-born blacks living in America (n=523) from the Africans in America cohort
included participants living in metropolitan Washington, DC who were born in sub-Saharan
Africa with two black parents who were also born in sub-Saharan Africa and self-identified as
healthy. Participants were recruited through newspaper ads, recruitment flyers, referrals, and
community events. Those who successfully completed the telephone screening interview, then
completed two screening visits at the National Institute of Health (NIH) Clinical Center. The
study was approved by the National Institute of Diabetes and Digestive Kidney Diseases
(NIDDK) Institutional Review Board (Kabakambira et al. 2018, Hobabagabo et al. 2020).

(3) Mixed ancestry South African (n=1112) participants from the Belville South cohort
who were recruited between January 2008 and March 2009 in Belville-South, a northern suburb
of Cape Town, South Africa. Mixed ancestry was defined as individuals who have Khoisan,
white, black, and Malay heritage. Participants were selected through multistage stratified random
sampling and information about the study was provided through newspaper ads, flyers, and radio
ads. Participants who agreed to participate were visited by the recruitment team the night before
their clinic visits and were reminded of the survey procedures. The study was approved by the
Faculty of Health and Wellness Sciences Ethics Committee of the Cape Peninsula University of
Technology (Matsha et al., 2012).

(4) African American (n=185) participants from the Triglyceride and Cardiovascular Risk
in African Americans (TARA) study were recruited by the NIH in Bethesda, Maryland.
Recruitment was done through flyers in Washington, D.C., and postings on the NIH website.
Participants were African American with two parents who were also African American without
the presence of liver or kidney disease and women were premenopausal and not receiving

exogenous estrogen. The study was approved by the Institutional Review Board of National
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Institute of Diabetes and Digestive and Kidney Diseases (Sumner et al., 2005). Informed consent
was obtained from all participants. For the present analysis, participants across any of the cohorts
were included if they were between the ages 20-70 with recorded heights, weights, and with an
oral glucose tolerance test measuring glucose and insulin at time zero and time 120 minutes after
glucose bolus. Participants were excluded from the analysis if they had self-reported previous
diagnosis of diabetes, were pregnant, or were currently taking medications for diabetes.
Study Procedures

Asian Indian participants underwent recruitment, data collection, and specimen collection
through three visits to their home. They were surveyed about demographics such as age and sex
and anthropometric data such as height, weight, and waist circumference were collected. Height
was measured using a portable stadiometer (SECA Model 213, SecaGmbh Co, Hamburg,
Germany), weight was recorded after the removal of shoes, and waist circumference was
measured at the smallest horizontal girth between the costal margins and the iliac crests. A
standard 75-g oral glucose tolerance test (OGTT) was performed after an overnight fast of at
least 8 hours with plasma glucose and insulin sampled at 0, 30, and 120 minutes. Plasma glucose
concentration was measured using the hexokinase method. Serum insulin concentration was
estimated using two different samples by electrochemiluminescence (COBAS E 411, Roche
Diagnostics, Mannheim, Germany). Glucose and insulin measurement from the CARRS
laboratory (Madras Diabetes Research Foundation Laboratory) were validated against U.S.-
based Northwest Lipid Metabolism and Research Laboratories (NWRL). For glucose, a high
concordance of glucose with values ranging from 3.8 to 10.1 mmol/L (n =20, y = 1.03x — 1.8)
was found with a correlation (r) of 0.996 and % bias range of 0.5 to 5.5%. For insulin, two

batches of samples from India were examined. The first group of samples had an insulin
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concentration range of 24.0 to 1,902.0 pmol/L (n =29, y = 0.9x — 3.90), r of 0.945 and % bias
range of 1.1 to 25%. The second group of samples had an insulin concentration range of 43.2 to
2,574.0 pmol/L (n =30, y = 1.04x + 0.2), r of 0.997 and % bias range of 0.1% to 18.0% (Staimez
etal., 2019).

African-born Blacks living in America (African immigrants) underwent two clinical
visits for data and specimen collection. The first visit consisted of the collection of demographic
data and anthropometric measures including height, weight, and waist circumference. Height was
measured using a wall stadiometer with the average of three readings recorded (Seca 242; Seca
Corp., Hanover, MD), weight measured using a calibrated scale (Scale-Tronix 5702; Carol
Stream, Illinois), and waist circumference measured at two different spots using a stretch-
resistant tape with the participant standing feet hip width apart and weight evenly distributed
from (1) the superior border of the iliac crest and (2) the midpoint between the iliac crest and
lowest palpable rib, at the end of expiration with the average of three recordings recorded. A
standard 75-g OGTT (Trutol 75; Custom Laboratories, Baltimore, Maryland) was performed
after an overnight fast of 12 hours with plasma glucose and serum insulin (Roche Cobas 6000
analyzer, Roche Diagnostics) measured at -15, 0, 30, 60, and 120 minutes (Kabakambira et al.,
2018).

Mixed ancestry South African (SA-Mixed ancestry) participants completed a
standardized interview where demographic information such as age and sex were collected, and a
physical examination where anthropometric measures such as height, weight, and waist
circumference were collected. All anthropometric measures were collected three times and the
average was recorded. Height was measured using a stadiometer, weight measured using a

Sunbeam EB710 digital bathroom scale, and waist circumference measured at the level of the
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narrowest part of the torso when looking at the anterior view using a non-elastic tape. A 75-g
OGTT was performed after an overnight fast with plasma glucose measured by the enzymatic
hexokinase method (Cobas 6000, Roche Diagnostics) and insulin measured by a microparticle
enzyme immunoassay (Axsym, Abbot) at 0 and 120 minutes (Masha et al., 2013).

African American participants provided demographic information such as age and sex
and anthropometric measures such as height, weight, and waist circumference. Height was
measured using a stadiometer (to nearest 0.1 cm), weight was measured (to nearest 0.1 kg) using
a platform scale, and waist circumference was measured (to nearest 0.1 cm) around the abdomen
at the iliac crest using a non-stretching tape with the average of three measurements being
recorded. A standard 75-g OGTT (Trutol 75; Custom Laboratories, Baltimore, Maryland) was
performed after an overnight fast of 12 hours with measurements taken at time 0, 30, and 120
minutes. An insulin-modified frequently sampled intravenous glucose tolerance test (MinMOD
Millenium v6.02, Los Angeles, California) was performed after an overnight fast of 12 hours
with glucose measured through the glucose oxidase method (Yellow Springs Instrument, Yellow
Springs, Ohio) and insulin measured through double antibody chemiluminescent sandwich
assays (Diagnostic Products, Los Angeles, California) at several times including 0, 30, 60, and
120 minutes (Sumner et al., 2008).

Key Variables

Participants were classified on glycemic status based on the American Diabetes
Association criteria with (1) normal glucose tolerance (NGT) with fasting plasma glucose (FPG)
<100 mg/dl or two-hour plasma glucose (2hPG) <140 mg/dl (2) isolated impaired fasting glucose
(iIFG) with FPG 100-125 mg/dl and 2hPG <140 mg/dl (3) isolated impaired glucose tolerance

(iIGT) with FPG <100 mg/dl and 2hPG 140-199 mg/dl (4) impaired fasting glucose and
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impaired glucose tolerance (IFG + IGT) with FPG 100-125 mg/dl and 2hPG 140-199 mg/dl and
(5) type 2 diabetes with FPG > 126 mg/dl and/or 2hPG > 200 mg/dl (American Diabetes
Association, 2022). BMI was calculated as kg/m? and groups were defined as (1) normal weight
(BMI < 25.0 kg/m?), and (2) overweight (25.0 < BMI). Participants were also classified based on
glucose tolerance and insulin resistance status into groups based on glycemic status and the
upper quartile of HOMA-IR, respectively. Glycemic status was classified into two variables:
normal glucose tolerance (NGT) like above, and abnormal glucose tolerance (ilFG, ilGT, IFG +
IGT, type 2 diabetes). The four groups were defined as: (1) normal glucose tolerance-reference
(NGT-ref) with HOMA-IR < 75™ percentile, (2) normal glucose tolerance-insulin resistance
(NGT-IR) with HOMA-IR > 75" percentile, (3) abnormal glucose tolerance-insulin resistance
(Abnl-GT-IR) with HOMA-IR >75" percentile, and (4) abnormal glucose tolerance-B-cell failure
(Abnl-GT-B-Cell-Failure) with HOMA-IR < 75" percentile.

The primary measure of insulin resistance was HOMA-IR, while the primary measure of
B-cell function was the insulinogenic index. HOMA-IR was calculated using ([insuling x
glucose]/ 22.5). The insulinogenic index in the early phase was calculated as ([(insulingo -
insuliny) / (glucoseso - glucosey)]. Participants with insulinogenic index values of zero or
negative values were excluded from the present analysis. Secondary measures of S-cell function
included HOMA-B and the early oral disposition index. HOMA-B was measured as ([20 x
insuling /[ glucosew — 3.5]) and early oral disposition index was calculated using [(insulingo -
insuliny) / (glucosewo - glucosew)](1/insuling).

Statistical Analysis
The present analysis was conducted using SAS version 9.4 (SAS Institute, Cary, North

Carolina). Age, BMI, and waist circumference were examined as continuous variables. BMI was
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also examined as a categorial variable with adjustments for age and sex. Continuous variables
were compared using analysis of variance (ANOVA) and categorical data were compared using
Chi-square tests. Metabolic characteristics between ethnic groups were compared using two-
sided T-tests and ANOVA. Variables not normally distributed were log-transformed to meet the
assumptions for linear regression. For HOMA-IR and HOMA-B cutoffs for the 25" and 75%
percentile for each ethnicity were determined. Insulin resistance was defined as HOMA-IR
above cohort-specific 75" percentile, while B-cell failure was defined as hyperglycemia without
insulin resistance. To compare baseline anthropometric and cardiometabolic data, general linear
regression models were fit. To examine the relative contribution of insulin resistance and insulin
secretion, HOMA-IR and the insulinogenic index were standardized and fit with multivariate
multinominal (i.e., polytomous) logistic models. The odds of prediabetes and odds of diabetes
were examined for every standardized unit increase in HOMA-IR and the insulinogenic index
and compared between ethnicities.
Results

Overall, there were 3570 participants used in this analysis (Asian Indians: 1750, African
immigrants: 523, SA-Mixed ancestry: 1112, African Americans: 185). SA-Mixed ancestry
participants were the oldest and had the highest percentage of females (mean age 45.6 years, SD
13.8; 73.2% females) compared to Asian Indians (mean age 38.9 years, SD 10.8; 64.5%
females), African immigrants (mean age 38.5 years, SD 10.3; 36.1% females), African
Americans (mean age 34.5 years, SD 7.8; 60% females). African Americans were the most
overweight (mean BMI 34.5 kg/m?, SD 7.8) followed by SA-Mixed ancestry (mean BMI 28.6
kg/m?, SD 8.2), African immigrants (mean BMI 27.7 kg/m?, SD 4.5), and Asian Indians (mean

BMI 25.8 kg/m?, SD 4.9). The prevalence on newly diagnosed type 2 diabetes (p=0.0070) was
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highest in Asian Indians (8.1%), followed by African immigrants (6.9%), and SA-Mixed
ancestry (6.4%), and much lower in African Americans (1.6%). Prediabetes (p<0.0001) was
highest among African immigrants (31.4%), African Americans (27.0%), Asian Indians (25.6%)
and lowest among SA-Mixed ancestry (21.0%). The distribution of prediabetes subtypes varied
across ethnicities. Asian Indians had predominately iIFG, whereas African subgroups had
predominately iIGT (iIFG: Asian Indians 17.3%; SA-Mixed ancestry 6.2%; African immigrants
4.8%; African Americans 2.7%). For ilGT: African immigrants 20.7%; African Americans
20.5%; SA-Mixed ancestry 9.8%; and Asian Indians 3.2%. The prevalence of [IFG+IGT was not
significantly different across groups, ranging in prevalence from 4% to 6% across groups.
TABLE 1. Participant Characteristics across four ethnicities

African SA-Mixed African

oy Asian Indians . . Total
Characteristic (n=1750) immigrants ancestry Americans (n=3570)
(n=523) (n=1112) (n=185)
Mean SD  Mean SD Mean SD Mean SD  p-value
Age (years) 38.9 10.8  38.5 10.3  45.6 13.8 345 7.8 <.0001

BMI (kg/m?) 258 49 277 45 286 82 304 75 <0001
Female,n (%) 1128 (64.5) 189 (36.1) 814 (73.2) 111 (60.0)  <.0001

NGT, n (%) 1160 (66.3)  323(61.8)  808(727)  132(714) <0001

IFG, n (%) 302(17.3) 25 (4.8) 69 (6.2) 5(2.7) <0001

IGT. n (%) 56 (3.2) 108(20.7) 109 (9.8) 38(205) <0001

if/c)} TIGTLn 90 5.1 31(5.9) 55 (5.0) 7(3.8) 0.6936
0

Newly

Diagnosed type 142 (8.1) 36 (6.9) 71 (6.4) 3(1.6) 0.0070

2 diabetes, n (%)

Table 2 shows metabolic measures with adjustment for age, sex, and BMI. Asian Indians
had the highest mean fasting plasma glucose (101.2 mg/dL), while African immigrants had the
highest mean 2-hour plasma glucose (134.6 mg/dL). Asian Indians were the most insulin
resistant (HOMA-IR 2.3, SE: 0.1) followed by SA-Mixed ancestry (HOMA-IR 2.1, SE: 0.1) and

African immigrants (HOMA-IR 1.6, SE: 0.1) and African Americans (HOMA-IR 1.6, SE: 0.2).
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Insulin levels at 30 minutes of OGTT and insulinogenic index was highest in African immigrants
(76.1 ulU/mL; 1.4 pmol/mmol) and African Americans (75.5 ulU/mL; 1.4 pmol/mmol) and
lowest in Asian Indians (60.0 ulU/mL; 0.8 pmol/mmol).

Participants were stratified by glycemic status groups adjusting for age, sex, and BMI
within ethnicities as shown in Tables 3A-E (African Americans results are unavailable for IFG,
IFGHIGT, and type 2 diabetes due to low sample sizes). Among the NGT Asian Indians had the
highest fasting glucose (89.6 mg/dL), most insulin resistance (HOMA-IR 1.8, SE: 0.0), and least
B-cell function (Insulinogenic Index 1.1 pmol/mmol, SE: 1.0). African immigrants and African
Americans had similar fasting glucose (88.1 mg/dL and 84.5 mg/dL, respectively), levels of
insulin resistance (HOMA-IR 1.3, SE: 0.1 for both), and B-cell function (Insulinogenic Index 1.5
pmol/mmol, SE: 1.1 for both). In iIFG African immigrants had the highest 2-hour glucose (121.5
mg/dL, SE: 3.7) followed by SA-Mixed ancestry (105.1 mg/dL, SE: 2.3) and Asian Indians
(105.1 mg/dL, SE: 1.1). SA-Mixed ancestry (HOMA-IR 3.8, SE: 0.3) had the highest insulin
resistance (p<0.0001) compared to Asian Indians (HOMA-IR 2.5, SE: 0.1) and African
immigrants (HOMA-IR 1.9, SE: 0.5). Among ilGT fasting glucose (p=0.0045) was similar in
Asian Indians (91 mg/dL, SE: 0.9), African immigrants (90.9 mg/dL, SE: 0.7), and SA-Mixed
ancestry (89.7 mg/dL, SE: 0.7) and lowest in African Americans (86.8 mg/dL, SE: 1.2). Insulin
resistance was greatest and beta-cell function was lowest in Asian Indians (HOMA-IR 2.5, SE:
0.2; 0.7 pmol/mmol, SE: 1.1). Among the IFG+IGT group insulin resistance was highest among
SA-Mixed ancestry (HOMA-IR 3.4, SE: 0.3) and B-cell function was lowest in Asian Indians
(0.4 pmol/mmol, SE: 1.1). In the newly diagnosed type 2 diabetes group insulin resistance was
highest in SA-Mixed ancestry (HOMA-IR 7.7). Asian Indians had the lowest B-cell function

(Insulinogenic Index 0.3 pmol/mmol) compared to African immigrants (Insulinogenic Index 0.5
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pmol/mmol). Figure 1 shows mean fasting glucose levels across glycemic status groups for each
ethnicity. For all ethnicities, no significant difference was seen in mean fasting glucose between
the normoglycemia group and iIGT group. For Asian Indians, African immigrants, and SA-
Mixed ancestry a significant difference (p<0.001) was seen between the NGT and newly

diagnosed type 2 diabetes groups within each ethnicity.



TABLE 2. Metabolic Characteristics across four ethnicities adjusted for age, sex, and BMI
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. At
Characteristic Asian Indians ixficiz:ants SA-Mixed An:lecrjlclans Total
= try (n=1112 =

(n=1750) (n=523) ancestry (n ) (n=185) (n=3570)

LS Mean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm) 86.5 0.2 88.6 0.3 87.1 0.2 91.6 0.5 <.0001
Fasting Glucose (mg/dL) 101.2 0.6 92.3 1.1 89.9 0.7 86.6 1.8 <.0001
30 min Glucose (mg/dL) 1593 L1 1354 o T s 33 <000l
2-hour Glucose (mg/dL) 119.5 1.3 134.6 2.4 110.6 1.6 123.7 3.9 <.0001
Fasting Insulin (ulU/mL) 9.0 0.2 7.0 0.3 8.5 0.2 7.2 0.5 <.0001
30 min Insulin (uIU/mL) 60.0 LI 761 21 T s 3.5 <0001
2-hour Insulin (uIU/mL) 53.7 1.2 72.0 2.2 48.8 1.5 67.2 3.6 <.0001
HOMA-IR

2. 1 1. 1 2.1 1 1. 2 <.0001
((uIU/mL*mmol)/L?) 3 0 6 0 0 6 0 000
HOMA-B (ulU/mL)/(mmol/L) 99.9 6.5 87.3 12.1 131.8 8.3 1183 20.1 <0001
Insulinogenic Index 0.8 10 14 1.0 1.4 1.1 <0001
(pmol/mmol) *
Oral Disposition Index 0.1 1.0 02 1.0 0.2 1.1 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.




TABLES 3A-E. Metabolic Characteristics across glycemic status groups adjusted for age, sex, and BMI

(A) NORMOGLYCEMIA
. ) African . . .

Characteristic Asian Indians immierants SA-Mixed African Americans Total

(n=1160) g ancestry (n=808) (n=132) (n=2423)

(n=323)

LSMean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm)  84.1 0.2 85.6 0.4 84.3 0.3 88.7 0.6 <.0001
Fasting Glucose (mg/dL) 89.6 02  88.1 0.4 84.0 0.2 84.5 0.6 <.0001
30 min Glucose (mg/dL) 138.0 0.8 1283 4 T 22 <.0001
2-hour Glucose (mg/dL) 93.8 0.6 1119 1.1 93.9 0.7 108.6 1.7 <.0001
Fasting Insulin (ulU/mL) 8.0 0.1 59 0.3 7.2 0.2 6.3 0.4 <.0001
30 min Insulin (uIU/mL) 612 14 778 27 | ;! 42 <0001
2-hour Insulin (ulU/mL) 46.7 1.1 5438 22 41.0 1.4 46.4 3.4 <.0001
HOMA-IR

1. . 1. 1 1. . 1. 1 <.0001
(uIU/mL*mmol)/L?) 8 0.0 3 0 5 0.0 3 0 000
HOMA-B

113.8 94 833 17.9 135.8 11.4 115.7 27.7 0.0033
(ulU/mL)/(mmol/L)
Insulinogenic Index 1.1 10 15 1.1 1.1 <0001
(pmol/mmol) *
Oral Disposition Index 0.2 10 03 1.1 L1 <000l

(I/mmol) *

*Geometric means and geometric standard errors provided.



(B) IMPAIRED FASTING GLUCOSE
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Characteristic Asian Indians African SA-Mixed African Americans Total
¢ (n=302) immigrants (n=25) ancestry (n=69) (n=5) ~ (n=401)
LSMean SE LS Mean SE LS Mean SE LS Mean SE p
Waist Circumference (cm) 88.4 04 O91.1 1.5 91.5 0.9
Fasting Glucose (mg/dL) 105.7 0.3 102.6 1.1 106.4 0.7
30 min Glucose (mg/dL) 168.7 1.7 151.6 6.0
2-hour Glucose (mg/dL) 105.1 1.1 1215 3.7
Fasting Insulin (ulU/mL) 9.5 0.5 7.7 1.6
30 min Insulin (ulU/mL) 58.6 2.1  88.8 7.3
2-hour Insulin (ulU/mL) 53.6 23  63.7 8.2
HOMA-IR
2. d 1 0.5
((uIU/mL*mmol)/L?) . 0 ?
HOMA-B
80.2 3.6 713 12.5
(ulU/mL)/(mmol/L)
Insulinogenic Index 0.8 1115 12
(pmol/mmol) *
Oral Disposition Index 0.1 11 02 12

(I/mmol) *

*Geometric means and geometric standard errors provided.

~IFG analysis not shown for African Americans due to low sample size.



(C) IMPAIRED GLUCOSE TOLERANCE
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Characteristic Asian Indians African immigrants SA-Mixed ancestry African Total
(n=56) (n=108) (n=109) Americans (n=38) (n=311)
LS Mean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm) 91.9 0.8 94.3 0.6 92.7 0.7 97.4 1.0 <.0001
Fasting Glucose (mg/dL) 91.0 0.9 90.9 0.7 89.7 0.7 86.8 1.2 0.0045
30 min Glucose (mg/dL) 1678 33 1399 23 T 42 <0001
2-hour Glucose (mg/dL) 160.5 22 157.1 1.7 161.1 1.8 154.9 2.8 0.0905
Fasting Insulin (ulU/mL) 11.2 0.7 8.1 0.5 9.5 0.6 6.9 0.9 <.0001
30 min Insulin (IU/mL)  66.0 7.6 80.0 53 T ;- 9.8 0.4695
2-hour Insulin (ulU/mL) 96.7 1.1 106.8 8.3 105.7 8.9 110.4 140  <.0001
HOMA-IR
2. 2 1. 1 2.1 1 1. 2 <.0001
((uI'U/mL*mmol)/L2) > 0 8 0 0 > 0 000
HOMA-B
109.6 28.8 114.1 21.5 141.4 23.0 94.6 36.2  0.0001
(ulU/mL)/(mmol/L)
Insulinogenic Index 0.7 1112 1.1 1.1 <0001
(pmol/mmol) *
Oral Disposition Index 0.1 11 02 1.1 1.1 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.
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(D) IFG + IGT

Characteristic Asian Indians African immigrants SA-Mixed African Americans Total
(n=90) (n=31) ancestry (n=55) (n=7) ~ (n=183)
LSMean SE LS Mean SE LS Mean SE LS Mean SE p-value

Waist Circumference (cm) 92.6 0.9 954 1.6 96.3 1.2

Fasting Glucose (mg/dL) 111.0 0.7 106.2 1.3 108.8 1.0

30 min Glucose (mg/dL) 200.3 2.6 160.9 4.8

2-hour Glucose (mg/dL) 163.1 1.8 1595 3.2

Fasting Insulin (ulU/mL) 11.1 0.7 9.6 1.3

30 min Insulin (ulU/mL) 63.6 48 623 8.7

2-hour Insulin (ulU/mL) 79.4 6.0 98.7 10.9

HOMA-IR

1 2 2. 4

((uIU/mL*mmol)/L?) 3 0 . 0

HOMA-B
84.4 52 803 9.4

(ulU/mL)/(mmol/L)

Insulinogenic Index 0.4 11 09 11

(pmol/mmol) *

Oral Disposition Index 0.0 11 o1 11

(I/mmol) *

*Geometric means and geometric standard errors provided.

~IFG + IGT analysis not shown for African Americans due to low sample size.



(E) NEWLY DIAGNOSED TYPE 2 DIABETES
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Characteristic Asian Indians African SA-Mixed ancestry African Americans Total
(n=142) immigrants (n=36) (n=71) (n=3) ~ (n=252)
LSMean SE LS Mean SE LS Mean SE LS Mean SE p-value

Waist Circumference (cm)  93.0 0.6 97.1 1.1 96.6 0.9

Fasting Glucose (mg/dL) 166.3 52 113.6 10.3 161.5 8.2

30 min Glucose (mg/dL) 269.9 5.7 185.5 11.9

2-hour Glucose (mg/dL) 275.5 7.7  250.3 15.2

Fasting Insulin (ulU/mL) 11.7 1.7 10.9 3.4

30 min Insulin (ulU/mL) 47.6 2.5 481 5.2

2-hour Insulin (ulU/mL) 67.1 4.7 103.1 9.3

HOMA-IR
4. 1. . 1.

((uIU/mL*mmol)/L?) / 0 30 ?

HOMA-B
53.2 4.8 88.5 9.5

(ulU/mL)/(mmol/L)

Insulinogenic Index 0.3 1105 12

(pmol/mmol) *

Oral Disposition Index 0.0 11 o1 12

(I/mmol) *

*Geometric means and geometric standard errors provided.

~Newly diagnosed type 2 diabetes analysis not shown for African Americans due to low sample size.



FIGURE 1. Variation of mean fasting glucose within each ethnicity across glycemic groups, adjusted for age, sex, and BMI.
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Asterisks denote differences within each ethnicity compared to the NGT group adjusted for age, sex, and BMI. *p<0.05, **p<0.01,

***p<0.001. IFG, IFG+IGT, and DM Type 2 not shown for African Americans due to low sample size.
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Table 4 compares characteristics adjusted for age and sex across BMI strata for each
ethnicity. In the normal weight category mean BMI was similar across ethnicities ranging from
21 kg/m? (SA-Mixed ancestry) to 22.9 kg/m? (African immigrants). Asian Indians continued to
have the highest fasting glucose (95.0 mg/dL, SE: 0.7), the most insulin resistance (HOMA-IR
1.7, SE: 0.0), and lowest B-cell function (Insulinogenic Index 1.0 pmol/mmol, SE: 1.0). HOMA-
IR was similar across the three African populations (African immigrants: 1.1, SE: 0.1; SA-Mixed
ancestry 1.1, SE: 0.1; African Americans 1.2, SE: 0.2; p<0.0001). In the overweight category
mean BMI was similar among Asian Indians (29.4 kg/m?) and African immigrants (30.6 kg/m?)
and among SA-Mixed ancestry (33 kg/m?) and African Americans (33.6 kg/m?). Despite the
lowest mean BMI among the group, Asian Indians had the highest fasting glucose (104.6 mg/dL,
SE: 0.9), lowest 30-minute insulin (63.1 ulU/mL, SE: 1.7), and least amount of -cell function
(Insulinogenic Index 0.8 pmol/mmol, SE: 1.0). SA-Mixed ancestry had the highest amount of
insulin resistance (HOMA-IR 3.0, SE: 0.2). B-cell function was higher in African immigrants
among the overweight group (Insulinogenic Index 1.4 pmol/mmol, SE: 1.0) compared to the
normal weight group (Insulinogenic index 1.1 pmol/mmol, SE: 1.1) and the same among African

Americans (Insulinogenic Index 1.3 pmol/mmol, SE: 1.1 for both).
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NORMAL WEIGHT (BMI < 25.0 KG/M?)

Characteristic Asian Indians African immigrants SA-Mixed ancestry ~ African Americans Total
(n=810) (n=143) (n=441) (n=46) (n=1445)
LS SE LS Mean SE LS Mean SE LSMean SE p
Mean
BMI (kg/m?) 21.7 0.1 22.9 0.2 21.0 0.1 224 0.3 <.0001
Waist Circumference (cm)  76.1 0.3 79.1 0.7 74.3 0.4 80.3 1.2 <.0001
Fasting Glucose (mg/dL) 95.0 0.7 89.3 1.8 84.5 1.0 84.6 32 <.0001
30 min Glucose (mg/dL) 1456 15 1375 6 1 65 <0001
2-hour Glucose (mg/dL) 105.4 1.6 126.8 3.8 96.9 22 113.9 6.8 <.0001
Fasting Insulin (ulU/mL) 7.1 0.1 4.7 0.3 5.1 0.2 5.7 0.6 <.0001
30 min Insulin (WIU/mL)  53.7 13 629 Sl 232090909 KE 56 0.0001
2-hour Insulin (uIU/mL) 43.6 1.2 55.5 2.8 274 1.6 49.7 5.0 <.0001
HOMA-IR
1. .04 1.1 1 1.1 1 1.2 2 <.0001
((uI'U/mL*mmol)/L2) / 0.0 0 0 0 000
HOMA-B
93.4 13.03 583 30.9 132.5 17.8 114.3 55.0  0.0308
(ulU/mL)/(mmol/L)
Insulinogenic Index 1.0 1.0 LI 1.1 <0001
(pmol/mmol) *
Oral Disposition Index 0.1 10 0.3 12 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.
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OVERWEIGHT (BMI >= 25.0 KG/M?)

Characteristic Asian Indians African immigrants SA-Mixed ancestry ~ African Americans  Total

(n=940) (n=375) (n=671) (n=139) (n=2125)

LS Mean SE LS Mean SE LS Mean SE LS Mean SE p
BMI (kg/m?) 29.4 0.2 30.6 0.3 33.0 0.2 33.6 0.4 <.0001
Waist Circumference (cm) 90.6 0.4 94.9 0.6 99.0 0.4 103.9 0.9 <.0001
Fasting Glucose (mg/dL) 104.6 0.9 94.5 1.4 94.8 1.1 90.8 2.2 <.0001
30 min Glucose (mg/dL) 168.1 1.4 138.1 23 |1 o 3.6  <.0001
2-hour Glucose (mg/dL) 127.0 1.9 140.6 3.1 122.4 2.3 136.0 4.9 <.0001
Fasting Insulin (ulU/mL) 9.5 0.3 8.3 0.5 11.6 0.4 9.4 0.8 <.0001
30 min Insulin (IU/mL)  63.1 17 842 Xl 3 20909 9 EE 44 <0001
2-hour Insulin (ulU/mL) 56.3 1.9 81.7 3.1 67.5 2.3 83.5 4.9 <.0001
HOMA-IR

2.5 0.14 2.0 0.2 3.0 0.2 2.2 0.4 0.0018
((uIU/mL*mmol)/L?)
HOMA-B

. 5.50 108.0 9.1 130.7 6.9 138.4 14.3 <.0001

(ulU/mL)/(mmol/L) 993
Insulinogenic Index 0.8 10 14 1.0 L1 <000l
(pmol/mmol) *
Oral Disposition Index 0.1 1.0 02 1.1 1.1 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.
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To examine the presence of beta cell failure with and without low insulin sensitivity,
participants were categorized with NGT or Abnl-GT to evaluate within each ethnicity and across
glucose tolerance groups. Among those with Abnl-GT, individuals were separated based on
whether individuals who had worse B-cell function (lowest quartile) and the upper three quartiles
of insulin resistance (i.e., lower three quartiles of HOMA-IR). Appendix Tables 1A-D shows
glucose tolerance groups by ethnicity and adjusted for age, sex, and BMI. Like previous findings,
fasting glucose was highest and 30-minute insulin was lowest among Asian Indians in all four
groups. In the two insulin resistance groups, HOMA-IR was highest in the SA-Mixed ancestry.
Appendix Figures 1A-E show mean values of multiple characteristics (fasting glucose, 30-min
insulin, HOMA-IR, HOMA-B, and insulinogenic index) among the different groups by ethnicity.
Fasting glucose and HOMA-IR were highest in the Abnl-GT-IR groups for each ethnicity and
were significantly different than the NGT-Ref group (p<0.0001) for each ethnicity. Insulin at 30
minutes of OGTT, HOMA-B, and the Insulinogenic Index were largest in the NGT-IR groups for
Asian Indians, African immigrants, and African Americans (p<0.01).

Appendix Tables 2A-C focuses on the relative contributions of insulin resistance and f3-
cell function to glycemic status (normoglycemia, prediabetes, type 2 diabetes) by ethnicity. Odds
ratios for African Americans in the diabetes group were not included in the analysis due to low
sample size (n=3). Generally, result appeared similar across ethnicities, with odds ratios and 95%
confidence intervals (CI) overlapping. However, for African immigrants and the prediabetes
outcome, associations of the insulinogenic index and prediabetes appeared somewhat stronger,
with odds ratios lowest compared to other ethnicities and after adjustment for age, sex, and BMI.
For every unit increase in the standardized insulinogenic index, the odds ratio of prediabetes

versus normoglycemia was lowest in African immigrants (OR insulinogenic index: 0.36, 95%
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CI: 0.26, 0.49) compared to Asian Indians (OR insulinogenic index: 0.49, 95% CI: 0.42, 0.57) or
African Americans (OR insulinogenic Index: 0.45, 95% CI: 0.27, 0.74), even after adjusting for
age, sex, and BMI. For standardized HOMA-IR, odds ratios were similar for African immigrants
and Asian Indians across models.
Discussion

This study compared four different ethnic populations who are at high-risk for type 2
diabetes and compared the relative contributions of insulin resistance and B-cell function on
diabetes pathophysiology. Among prediabetes subtypes Asian Indians had predominantly
impairments to fasting glucose, while African immigrants and African Americans had
predominant impairments to glucose tolerance. SA-Mixed ancestry exhibited iIGT greater than
iIFG, but not to the same extent as the other African populations. Among NGT and iIGT Asian
Indians had the highest insulin resistance, while SA-Mixed ancestry had the highest insulin
resistance among iIFG, IFG+IGT, and newly diagnosed type 2 diabetes. When comparing the
African populations, the African immigrants and African Americans seem to be the most similar
regarding insulin resistance and B-cell function, while the SA-Mixed ancestry group had higher
levels of insulin resistance compared to the other African groups. These findings suggest there
may be differences in the development of type 2 diabetes early in development of type 2 diabetes
across ethnic populations. Therefore, key findings from this study include: (1) the relative
contributions of B-cell function and insulin resistance are very similar across ethnic groups for
the odds of diabetes (2) more variation exists for the relative contributions of B-cell function and
insulin resistance on the development of prediabetes, particularly for B-cell function (3) African
immigrants may be more prone to ilGT for every unit reduction in B-cell function and (4) Asian

Indians may be more prone to iIFG for every unit reduction in B-cell function.
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Previous studies of Asian Indians hypothesize a phenotype with impaired insulin
secretion and suggest that the conversion from ilFG to diabetes can occur even with small
increases in insulin resistance (Staimez et al., 2019). Our findings replicate these findings as
fasting glucose was consistently highest in this group regardless of glycemic or glucose tolerance
status. Another study noted that at mild levels of dysglycemia, insulin secretion in Asian Indians
is reduced (Staimez et al., 2013). A study by Mohan et al. (2013) found that in young Asian
Indians B-cell failure has a stronger association than insulin resistance in type 2 diabetes. In our
study insulin secretion, as measured by the insulinogenic index, in Asian Indians was
consistently lower than all three African populations. Like the study by Narayan et al. (2021) the
findings suggest that problems in insulin secretion may play a primary role in early-stage type 2
diabetes development among Asian Indians as opposed to primarily insulin resistance as
previously suggested (Dhawan et al., 1994; Raji et al., 2001; Misra et al., 2003).

African immigrants and African Americans seem to be the most similar among the four
groups despite differences in BMI. African immigrants and African Americans exhibited similar
levels of insulin resistance and B-cell function overall. Both populations had similar percentages
in the NGT-Ref and NGT-IR groups, while there were more African immigrants in the Abnl-GT-
B-cell failure group and more African Americans in the Abnl-GT-IR group. For both ethnicities
HOMA-IR was significantly different in the Abnl-GT groups. This indicates that B-cell failure
without insulin resistance may play a significant role in both populations. Previous studies have
found that B-cell failure may be a more common primary factor in abnormal glucose tolerance in
Africans as opposed to insulin resistance (Ishimwe et al., 2021). Previously African immigrants
have been described as having the “healthy immigrant effect” suggesting that they were healthier

than African Americans (O’Connor et al., 2014). In contrast, African immigrants in this analysis,
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were less obese, had similar levels of insulin resistance and p-cell function to African Americans
than SA-Mixed ancestry, suggesting duration of the healthy immigrant effect, if present in
African immigrants, may be finite. When comparing insulin resistance and diabetes prevalence, a
high age-adjusted prevalence of diabetes appears among African Americans (18%) compared to
South Asians (13%), yet HOMA-IR levels were significantly higher in South Asians (Kanaya et
al., 2014). Thus, insulin resistant African American populations may be more successful at
compensation for persistent hyperglycemia compared to Asian Indians in diabetes development.

SA-Mixed ancestry had the highest levels of insulin resistance among iIFG, IFG+IGT,
and newly diagnosed type 2 diabetes compared to the three other groups. Other studies have
reported elevated insulin resistance among sub-Saharan Africans. A study of Ghanaians found
that insulin resistance among ilFG accounted for the geographical differences among native
Ghanaians and Ghanaian migrants. Additionally, BMI and waist circumference were associated
with insulin resistance (Meeks et al., 2017). The SA-Mixed ancestry group may be different than
other populations due to the mixed ancestry nature of the population and lack of studies focused
on the role the mixed ancestry heritage. The three African populations were distinct, and SA-
Mixed ancestry did not follow the trends of the African immigrants and African Americans.
While problems in insulin secretion among Asian Indians seems to be a significant phenotype,
insulin resistance and primary (3-cell failure among Abnl-GT participants in the African
populations seems to be a major driver despite the differences in the populations.

This study has several strengths. First, the study uses samples of three different African
cohorts who are at high-risk for type 2 diabetes which have not been compared in the past. We
also included a population known a priori for impairments to B-cell function under low BMI

levels as an additional comparator. The inclusion of participants across glycemic groups, allow
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us to assess the full spectrum of glycemia, and those with diabetes were newly classified, without
confounding by factors such as medication use. All glycemic categories were determined using
OGTT data, which are more rigorous and informative than random glucose values or fasting
blood measures alone.

Limitations of this study include its cross-sectional design, limiting the ability to infer
temporality or causality. Three different insulin assays were used across the four cohorts and
observations may be due to differences in assay performance. There were also large differences
in sample sizes and prevalence of type 2 diabetes among the four cohorts. While three cohorts
had fasting, 30-minute, and 2-hour measures for glucose and insulin, 30-minute measures for
SA-Mixed ancestry were not available making it not possible to compare the main measure of 3-
cell function (insulinogenic index). To overcome some of these limitations, standardized
variables within each ethnicity were used in the polytomous logistic regression models. The
results of the present analysis cannot be generalized to all African populations or African
immigrants due to limitations in participant selection, including convenience sampling across
two of the cohorts analyzed.

Conclusion

This study suggests that there are heterogenous pathways across the development of type
2 diabetes and the contributions of insulin resistance and B-cell function may vary among various
ethnic populations. Specifically, contributions of insulin resistance and B-cell function were
similar in the odds of diabetes, while there was increased variation in the relative contribution of
insulin resistance and -cell function in the odds of prediabetes across ethnic groups.
Additionally, for every unit reduction in the insulinogenic index, Asian Indians had more

prediabetes that was predominately ilFG, while African immigrants had more prediabetes that
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was predominately iIGT. Asian Indians had pronounced impairments in insulin secretion and are
unable to compensate even small increases in insulin resistance, especially in the early phase of
disease. African immigrants and African Americans had insulin resistance but also seem to be
able to compensate with higher levels of insulin secretion compared to Asian Indians. SA-Mixed
ancestry participants had high levels of insulin resistance in specific strata but there was not a
consistent pattern driving disease development.

While causality cannot be determined from this study, there are several important
implications of these results. First, there is pronounced ethnic heterogeneity in the early natural
history of diabetes. Future studies will need to examine the molecular mechanisms driving these
physiologic phenotypes. Next, this study provides evidence that precision medicine will need to
address risk stratification in ways that are beyond current clinical practices, such as the role of
overweight BMI or the lack thereof in stratifying risk. Next, populations, including those of
African origin are not homogenous, and true progress in medicine will require refinements to
screening, early diagnosis, and treatment that acknowledge. An improved understanding of how
diabetes may develop differently across global populations may improve approaches to
screening, diagnosis, and treatment.

Public Health Implications

Our study suggests that different ethnicities have variation in early disease processes
leading to prediabetes, and it is important to understand the differences, especially given the
projected to increase among Asian Indian, African, and African American populations
(International Diabetes Federation, 2021). Future epidemiologic research characterizing
prediabetes subtypes globally, including how race/ethnicity, age, sex, environmental conditions,

genetics, and other factors impact risk of these subtypes could lead to advances in the areas of
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clinical care and precision public health, defined as appropriate public health interventions
delivered to populations at the right time of need (Khoury et al., 2016), including prevention
strategies in weight loss, monitoring and screening, and even medication effectiveness.

This study contributes to the evidence demonstrating the importance of evaluating
participants based on a wide range of BMI spectra and not focusing solely on overweight and
obese populations. Even within normal weight there were participants with prediabetes and
diabetes, especially among Asian Indians, demonstrating limitations of this traditional risk factor
for type 2 diabetes among Asian Indians. While obesity correlates strongly with the
pathophysiology of insulin resistance, insulin resistance is less commonly measured in the clinic.
Thus, for individuals who have high risk, there is a need for additional biomarkers, beyond blood
glucose and HbA 1c, that may indicate early-stage progression towards diabetes and impairments
to pancreatic beta cell function. This highlights the need for further research to understand
disease mechanisms and, further, to identify markers or tools that can stratify diabetes risk or
more effectively treat individuals for specific subtypes of metabolic dysregulation in diabetes
development.

Finally, this study focused on four populations that have been previously understudied in
diabetes pathophysiology. Studying these populations is important because they reside in regions
that are growing epicenters of diabetes development. For example, Africans in Africa are
projected to have the largest increase in prevalence of type 2 diabetes by 2045 (International
Diabetes Federation, 2021). This study provides evidence for how African populations are
heterogeneous in diabetes development, further supporting the need to include diverse
populations in research. By coupling evidence from epidemiologic research with evidence in

basic science, future research will be better positioned to develop new, more effective targets for
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prevention and treatment. Taking an approach of pluralism in global diabetes research, including
who is included at the table of discovery, will enable more rapid development of precision

medicine for all, and not just some.



44

References
Abdul-Ghani, M. A., Matsuda, M., Sabbah, M., Jenkinson, C. P., Richardson, D. K., Kaku, K., &
DeFronzo, R. A. (2007). The relative contributions of insulin resistance and beta cell
failure to the transition from normal to impaired glucose tolerance varies in different
ethnic groups. Diabetes & Metabolic Syndrome: Clinical Research & Reviews, 1(2),

105—-112. https://doi.org/10.1016/1.dsx.2007.02.004

Agyemang, C., Meeks, K., Beune, E., Owusu-Dabo, E., Mockenhaupt, F. P., Addo, J., de Graft
Aikins, A., Bahendeka, S., Danquah, 1., Schulze, M. B., Spranger, J., Burr, T., Agyei-
Baffour, P., Amoah, S. K., Galbete, C., Henneman, P., Klipstein-Grobusch, K., Nicolaou,
M., Adeyemo, A., ... Stronks, K. (2016). Obesity and type 2 diabetes in sub-Saharan
Africans — Is the burden in today’s Africa similar to African migrants in Europe? The

RODAM study. BMC Medicine, 14(1), 166. https://doi.org/10.1186/s12916-016-0709-0

Ahlqgvist, E., Storm, P., Kérdjamaiki, A., Martinell, M., Dorkhan, M., Carlsson, A., Vikman, P.,
Prasad, R. B., Aly, D. M., Almgren, P., Wessman, Y., Shaat, N., Spégel, P., Mulder, H.,
Lindholm, E., Melander, O., Hansson, O., Malmqvist, U., Lernmark, A., ... Groop, L.
(2018). Novel subgroups of adult-onset diabetes and their association with outcomes: A
data-driven cluster analysis of six variables. The Lancet. Diabetes & Endocrinology, 6(5),

361-369. https://doi.org/10.1016/S2213-8587(18)30051-2

Ali, S., Nafis, S., Kalaiarasan, P., Rai, E., Sharma, S., & Bamezai, R. N. (2016). Understanding
Genetic Heterogeneity in Type 2 Diabetes by Delineating Physiological Phenotypes:
SIRT1 and its Gene Network in Impaired Insulin Secretion. The Review of Diabetic

Studies: RDS, 13(1), 17-34. https://doi.org/10.1900/RDS.2016.13.17




45

Alloh, F., Hemingway, A., & Turner-Wilson, A. (2021). The Role of Finding Out in Type 2
Diabetes Management among West-African immigrants Living in the UK. International
Journal of Environmental Research and Public Health, 18(11), 6037.

https://doi.org/10.3390/ijerph18116037

Amati, F., Dubé, J. J., Coen, P. M., Stefanovic-Racic, M., Toledo, F. G. S., & Goodpaster, B. H.
(2009). Physical inactivity and obesity underlie the insulin resistance of aging. Diabetes

Care, 32(8), 1547-1549. https://doi.org/10.2337/dc09-0267

American Diabetes Association. (2022). Professional Practice Committee: Standards of Medical
Care in Diabetes—2022. Diabetes Care, 45(Supplement 1), S3—S3.

https://doi.org/10.2337/dc22-Sppc

Amoah, A. G. B., Schuster, D. P., Gaillard, T., & Osei, K. (2002). Insulin resistance, beta cell
function and cardiovascular risk factors in Ghanaians with varying degrees of glucose
tolerance. Ethnicity & Disease, 12(4), S3-10—-17.

Brancati, F. L., Kao, W. H. L., Folsom, A. R., Watson, R. L., & Szklo, M. (2000). Incident Type
2 Diabetes Mellitus in African American and White Adults: The Atherosclerosis Risk in

Communities Study. JAMA, 283(17), 2253. https://doi.org/10.1001/jama.283.17.2253

Butler, A. E., Janson, J., Bonner-Weir, S., Ritzel, R., Rizza, R. A., & Butler, P. C. (2003). B-Cell
Deficit and Increased B-Cell Apoptosis in Humans With Type 2 Diabetes. Diabetes,

52(1), 102—110. https://doi.org/10.2337/diabetes.52.1.102

Cerf, M. E. (2013). Beta cell dysfunction and insulin resistance. Frontiers in Endocrinology, 4,

37. https://doi.org/10.3389/fend0.2013.00037

Cheng, C.-Y., Reich, D., Haiman, C. A., Tandon, A., Patterson, N., Elizabeth, S., Akylbekova, E.

L., Brancati, F. L., Coresh, J., Boerwinkle, E., Altshuler, D., Taylor, H. A., Henderson, B.



46

E., Wilson, J. G., & Kao, W. H. L. (2012). African ancestry and Its Correlation to Type 2
Diabetes in African Americans: A Genetic Admixture Analysis in Three U.S. Population

Cohorts. PLoS ONE, 7(3), €32840. https://doi.org/10.1371/journal.pone.0032840

Dagenais, G. R., Gerstein, H. C., Zhang, X., McQueen, M., Lear, S., Lopez-Jaramillo, P.,
Mohan, V., Mony, P., Gupta, R., Kutty, V. R., Kumar, R., Rahman, O., Yusoff, K.,
Zatonska, K., Oguz, A., Rosengren, A., Kelishadi, R., Yusufali, A., Diaz, R., ... Yusuf, S.
(2016). Variations in Diabetes Prevalence in Low-, Middle-, and High-Income Countries:
Results From the Prospective Urban and Rural Epidemiological Study. Diabetes Care,

39(5), 780—787. https://doi.org/10.2337/dc15-2338

Defronzo, R. A. (2009). Banting Lecture. From the triumvirate to the ominous octet: A new
paradigm for the treatment of type 2 diabetes mellitus. Diabetes, 58(4), 773-795.

https://doi.org/10.2337/db09-9028

DeFronzo, R. A., Bonadonna, R. C., & Ferrannini, E. (1992). Pathogenesis of NIDDM: A
Balanced Overview. Diabetes Care, 15(3), 318-368.

https://doi.org/10.2337/diacare.15.3.318

Del Prato, S., Penno, G., & Miccoli, R. (2009). Changing the treatment paradigm for type 2

diabetes. Diabetes Care, 32 Suppl 2, S217-222. https://doi.org/10.2337/dc09-S314

Dhawan, J., Bray, C. L., Warburton, R., Ghambhir, D. S., & Morris, J. (1994). Insulin resistance,
high prevalence of diabetes, and cardiovascular risk in immigrant Asians. Genetic or

environmental effect? Heart, 72(5), 413—421. https://doi.org/10.1136/hrt.72.5.413

Dowse, G. K., Zimmet, P. Z., Alberti, K. G. M. M., Brigham, L., Carlin, J. B., Tuomilehto, J., &
Knight, L. T. (1993). Serum insulin distributions and reproducibility of the relationship

between 2-hour insulin and plasma glucose levels in Asian Indian, Creole, and Chinese



47

Mauritians. Metabolism, 42(10), 1232—1241. https://doi.org/10.1016/0026-

0495(93)90119-9

Ferdinand, K. C., & Nasser, S. A. (2015). Racial/ethnic disparities in prevalence and care of
patients with type 2 diabetes mellitus. Current Medical Research and Opinion, 31(5),

913-923. https://doi.org/10.1185/03007995.2015.1029894

Freemantle, N., Holmes, J., Hockey, A., & Kumar, S. (2008). How strong is the association
between abdominal obesity and the incidence of type 2 diabetes? International Journal of

Clinical Practice, 62(9), 1391-1396. https://doi.org/10.1111/1.1742-1241.2008.01805.x

Galicia-Garcia, U., Benito-Vicente, A., Jebari, S., Larrea-Sebal, A., Siddiqi, H., Uribe, K. B.,
Ostolaza, H., & Martin, C. (2020). Pathophysiology of Type 2 Diabetes Mellitus.
International Journal of Molecular Sciences, 21(17), E6275.

https://doi.org/10.3390/ijms21176275

Ganz, M. L., Wintfeld, N., Li, Q., Alas, V., Langer, J., & Hammer, M. (2014). The association of
body mass index with the risk of type 2 diabetes: A case—control study nested in an
electronic health records system in the United States. Diabetology & Metabolic

Syndrome, 6(1), 50. https://doi.org/10.1186/1758-5996-6-50

Gerich, J. E. (2003). Contributions of Insulin-Resistance and Insulin-Secretory Defects to the
Pathogenesis of Type 2 Diabetes Mellitus. Mayo Clinic Proceedings, 78(4), 447-456.

https://doi.org/10.4065/78.4.447

Gill, G. V., Tekle, A., Reja, A., Wile, D., English, P. J., Diver, M., Williams, A. J. K., &
Tesfaye, S. (2011). Immunological and C-peptide studies of patients with diabetes in
northern Ethiopia: Existence of an unusual subgroup possibly related to malnutrition.

Diabetologia, 54(1), 51-57. https://doi.org/10.1007/s00125-010-1921-7




48

Goedecke, J. H., & Olsson, T. (2020). Pathogenesis of type 2 diabetes risk in black Africans: A
South African perspective. Journal of Internal Medicine, 288(3), 284-294.

https://doi.org/10.1111/j0im.13083

Goff, L. M., Griffin, B. A., Lovegrove, J. A., Sanders, T. A., Jebb, S. A., Bluck, L. J., Frost, G.
S., & on behalf of the RISCK Study Group. (2013). Ethnic differences in beta-cell
function, dietary intake and expression of the metabolic syndrome among UK adults of
South Asian, black African-Caribbean and white-European origin at high risk of
metabolic syndrome. Diabetes and Vascular Disease Research, 10(4), 315-323.

https://doi.org/10.1177/1479164112467545

Golden, S. H., Yajnik, C., Phatak, S., Hanson, R. L., & Knowler, W. C. (2019). Racial/ethnic
differences in the burden of type 2 diabetes over the life course: A focus on the USA and

India. Diabetologia, 62(10), 1751-1760. https://doi.org/10.1007/s00125-019-4968-0

Goldstein, B. J. (2002). Insulin resistance as the core defect in type 2 diabetes mellitus. The

American Journal of Cardiology, 90(5), 3—10. https://doi.org/10.1016/S0002-

9149(02)02553-5

Gujral, U. P., Mohan, V., Pradeepa, R., Deepa, M., Anjana, R. M., Mehta, N. K., Gregg, E. W_,
& Narayan, K. M. (2016). Ethnic variations in diabetes and prediabetes prevalence and
the roles of insulin resistance and B-cell function: The CARRS and NHANES studies.
Journal of Clinical & Translational Endocrinology, 4, 19-27.

https://doi.org/10.1016/1.jcte.2016.02.004

Gujral, U. P., Mohan, V., Pradeepa, R., Deepa, M., Anjana, R. M., & Narayan, K. M. (2018).

Ethnic differences in the prevalence of diabetes in underweight and normal weight



49

individuals: The CARRS and NHANES studies. Diabetes Research and Clinical

Practice, 146, 34-40. https://doi.org/10.1016/j.diabres.2018.09.011

Gujral, U. P., Narayan, K. M. V., Kahn, S. E., & Kanaya, A. M. (2014). The relative associations
of B-cell function and insulin sensitivity with glycemic status and incident glycemic
progression in migrant Asian Indians in the United States: The MASALA study. Journal
of Diabetes and Its Complications, 28(1), 45-50.

https://doi.org/10.1016/j.jdiacomp.2013.10.002

Gujral, U. P., Narayan, K. M. V., Pradeepa, R. G., Deepa, M., Ali, M. K., Anjana, R. M.,
Kandula, N. R., Mohan, V., & Kanaya, A. M. (2015). Comparing Type 2 Diabetes,
Prediabetes, and Their Associated Risk Factors in Asian Indians in India and in the U.S.:
The CARRS and MASALA Studies. Diabetes Care, 38(7), 1312—1318.

https://doi.org/10.2337/dc15-0032

Gujral, U. P., Pradeepa, R., Weber, M. B., Narayan, K. M. V., & Mohan, V. (2013). Type 2
diabetes in South Asians: Similarities and differences with white Caucasian and other
populations. Annals of the New York Academy of Sciences, 1281, 51-63.

https://doi.org/10.1111/].1749-6632.2012.06838.x

Hills, A. P., Arena, R., Khunti, K., Yajnik, C. S., Jayawardena, R., Henry, C. J., Street, S. J.,
Soares, M. J., & Misra, A. (2018). Epidemiology and determinants of type 2 diabetes in
south Asia. The Lancet Diabetes & Endocrinology, 6(12), 966-978.

https://doi.org/10.1016/S2213-8587(18)30204-3

Hobabagabo, A. F., Osei-Tutu, N. H., Hormenu, T., Shoup, E. M., DuBose, C. W., Mabundo, L.
S., Ha, J., Sherman, A., Chung, S. T., Sacks, D. B., & Sumner, A. E. (2020). Improved

Detection of Abnormal Glucose Tolerance in Africans: The Value of Combining



50

Hemoglobin Alc With Glycated Albumin. Diabetes Care, 43(10), 2607-2613.

https://doi.org/10.2337/dc20-1119

Hyatt, T. C., Phadke, R. P., Hunter, G. R., Bush, N. C., Muioz, A. J., & Gower, B. A. (2009).
Insulin sensitivity in African-American and white women: Association with
inflammation. Obesity (Silver Spring, Md.), 17(2), 276-282.

https://doi.org/10.1038/0by.2008.549

International Diabetes Federation. (2011). IDF Diabetes Atlas 5th Edition (5th Edition; pp. 1—

135). International Diabetes Federation. https://suckhoenoitiet.vn/download/Atla-benh-

dai-thao-duong-5-1512310482.pdf

International Diabetes Federation. (2021). IDF Diabetes Atlas 2021 (10th Edition; pp. 1-135).

International Diabetes Federation. https://diabetesatlas.org/idfawp/resource-

files/2021/07/IDF_Atlas_10th Edition 2021.pdf

Ishimwe, M. C. S., Wentzel, A., Shoup, E. M., Osei-Tutu, N. H., Hormenu, T., Patterson, A. C.,
Bagheri, H., DuBose, C. W., Mabundo, L. S., Ha, J., Sherman, A., & Sumner, A. E.
(2021). Beta-cell failure rather than insulin resistance is the major cause of abnormal

glucose tolerance in Africans: Insight from the Africans in America study. BMJ Open

Diabetes Research & Care, 9(1), €002447. https://doi.org/10.1136/bmjdrc-2021-002447

Kabakambira, J. D., Baker Jr, R. L., Briker, S. M., Courville, A. B., Mabundo, L. S., DuBose, C.
W., Chung, S. T., Eckel, R. H., & Sumner, A. E. (2018). Do current guidelines for waist
circumference apply to black Africans? Prediction of insulin resistance by waist
circumference among Africans living in America. BMJ Global Health, 3(5), €001057.

https://doi.org/10.1136/bmjeh-2018-001057




51

Kanaya, A. M., Wassel, C. L., Mathur, D., Stewart, A., Herrington, D., Budoff, M. J., Ranpura,
V., & Liu, K. (2010). Prevalence and correlates of diabetes in South asian indians in the
United States: Findings from the metabolic syndrome and atherosclerosis in South asians

living in america study and the multi-ethnic study of atherosclerosis. Metabolic Syndrome

and Related Disorders, 8(2), 157-164. https://doi.org/10.1089/met.2009.0062

Khan, M. A. B., Hashim, M. J., King, J. K., Govender, R. D., Mustafa, H., & Al Kaabi, J. (2020).
Epidemiology of Type 2 Diabetes—Global Burden of Disease and Forecasted Trends.
Journal of Epidemiology and Global Health, 10(1), 107-111.

https://doi.org/10.2991/jegh.k.191028.001

Khoury, M. J., lademarco, M. F., & Riley, W. T. (2016). Precision Public Health for the Era of
Precision Medicine. American Journal of Preventive Medicine, 50(3), 398—401.

https://doi.org/10.1016/j.amepre.2015.08.031

Kibirige, D., Lumu, W., Jones, A. G., Smeeth, L., Hattersley, A. T., & Nyirenda, M. J. (2019).
Understanding the manifestation of diabetes in sub Saharan Africa to inform therapeutic
approaches and preventive strategies: A narrative review. Clinical Diabetes and

Endocrinology, 5(1), 2. https://doi.org/10.1186/s40842-019-0077-8

Kotwas, A., Karakiewicz, B., Zabielska, P., Wieder-Huszla, S., & Jurczak, A. (2021).
Epidemiological factors for type 2 diabetes mellitus: Evidence from the Global Burden of

Disease. Archives of Public Health, 79(1), 110. https://doi.org/10.1186/s13690-021-

00632-1
Lipton, R. B., Uao, Y., Cao, G., Cooper, R. S., & McGee, D. (1993). Determinants of Incident

Non-Insulin-dependent Diabetes Mellitus among Blacks and Whites in a National



52

Sample. American Journal of Epidemiology, 138(10), 826—839.

https://doi.org/10.1093/oxfordjournals.aje.al 16786

Marshall, M. C. (2005). Diabetes in African Americans. Postgraduate Medical Journal, 8§1(962),

734-740. https://doi.org/10.1136/pgmj.2004.028274

Matsha, T. E., Hassan, M. S., Kidd, M., & Erasmus, R. T. (2012). The 30-year cardiovascular
risk profile of South Africans with diagnosed diabetes, undiagnosed diabetes, pre-
diabetes or normoglycaemia: The Bellville, South Africa pilot study. Cardiovascular

Journal of Africa, 23(1), 5—-11. https://doi.org/10.5830/CVJA-2010-087

Matsha, T. E., Soita, D. J., Hassan, M. S., Hon, G. M., Yako, Y. Y., Kengne, A. P., & Erasmus,
R. T. (2013). Three-year’s changes in glucose tolerance status in the Bellville South
cohort: Rates and phenotypes associated with progression. Diabetes Research and

Clinical Practice, 99(2), 223-230. https://doi.org/10.1016/j.diabres.2012.10.018

Meeks, K. A. C., Stronks, K., Adeyemo, A., Addo, J., Bahendeka, S., Beune, E., Owusu-Dabo,
E., Danquah, I., Galbete, C., Henneman, P., Klipstein-Grobusch, K., Mockenhaupt, F. P.,
Osei, K., Schulze, M. B., Spranger, J., Smeeth, L., & Agyemang, C. (2017). Peripheral
insulin resistance rather than beta cell dysfunction accounts for geographical differences

in impaired fasting blood glucose among sub-Saharan African individuals: Findings from

the RODAM study. Diabetologia, 60(5), 854-864. https://doi.org/10.1007/s00125-017-

4216-4

Misra, A., & Misra, R. (2003). Asian Indians and Insulin Resistance Syndrome: Global
Perspective. Metabolic Syndrome and Related Disorders, 1(4), 277-283.

https://doi.org/10.1089/1540419031361390




53

Misra, R., Patel, T., Kotha, P., Raji, A., Ganda, O., Banerji, M., Shah, V., Vijay, K., Mudaliar,
S., Iyer, D., & Balasubramanyam, A. (2010). Prevalence of diabetes, metabolic
syndrome, and cardiovascular risk factors in US Asian Indians: Results from a national
study. Journal of Diabetes and Its Complications, 24(3), 145—153.

https://doi.org/10.1016/j.jdiacomp.2009.01.003

Mohan, V., Amutha, A., Ranjani, H., Unnikrishnan, R., Datta, M., Anjana, R. M., Staimez, L.,
Ali, M. K., & Narayan, K. M. V. (2013). Associations of § -Cell Function and Insulin
Resistance with Youth-Onset Type 2 Diabetes and Prediabetes Among Asian Indians.
Diabetes Technology & Therapeutics, 15(4), 315-322.

https://doi.org/10.1089/dia.2012.0259

Mohan, V., Sharp, P. S., Cloke, H. R., Burrin, J. M., Schumer, B., & Kohner, E. M. (1986).
Serum immunoreactive insulin responses to a glucose load in Asian Indian and European

Type 2 (non-insulin-dependent) diabetic patients and control subjects. Diabetologia,

29(4), 235-237. https://doi.org/10.1007/BF00454882

Murea, M., Ma, L., & Freedman, B. I. (2012). Genetic and environmental factors associated with
type 2 diabetes and diabetic vascular complications. The Review of Diabetic Studies:

RDS, 9(1), 6-22. https://doi.org/10.1900/RDS.2012.9.6

Nair, M., Ali, M. K., Ajay, V. S., Shivashankar, R., Mohan, V., Pradeepa, R., Deepa, M., Khan,
H. M., Kadir, M. M., Fatmi, Z. A., Reddy, K. S., Tandon, N., Narayan, K. V., &
Prabhakaran, D. (2012). CARRS Surveillance study: Design and methods to assess
burdens from multiple perspectives. BMC Public Health, 12(1), 701.

https://doi.org/10.1186/1471-2458-12-701




54

Narayan, K. M. V., Kondal, D., Kobes, S., Staimez, L. R., Mohan, D., Gujral, U. P., Patel, S. A.,
Anjana, R. M., Shivashankar, R., Ali, M. K., Chang, H. H., Kadir, M., Prabhakaran, D.,
Daya, N., Selvin, E., Tandon, N., Hanson, R., & Mohan, V. (2021). Incidence of diabetes
in South Asian young adults compared to Pima Indians. BMJ Open Diabetes Research &

Care, 9(1), €001988. https://doi.org/10.1136/bmjdrc-2020-001988

O’Connor, M. Y., Thoreson, C. K., Ricks, M., Courville, A. B., Thomas, F., Yao, J.,
Katzmarzyk, P. T., & Sumner, A. E. (2014). Worse Cardiometabolic Health in African
Immigrant Men than African American Men: Reconsideration of the Healthy Immigrant
Effect. Metabolic Syndrome and Related Disorders, 12(6), 347-353.

https://doi.org/10.1089/met.2014.0026

Oli, J. M., Adeyemo, A. A., Okafor, G. O., Ofoegbu, E. N., Onyenekwe, B., Chukwuka, C. J.,
Onwasigwe, C. N., Ufelle, S., Chen, G., & Rotimi, C. N. (2009). Basal insulin resistance
and secretion in Nigerians with type 2 diabetes mellitus. Metabolic Syndrome and

Related Disorders, 7(6), 595-599. https://doi.org/10.1089/met.2009.0002

Olokoba, A. B., Obateru, O. A., & Olokoba, L. B. (2012). Type 2 diabetes mellitus: A review of
current trends. Oman Medical Journal, 27(4), 269-273.

https://doi.org/10.5001/0mj.2012.68

Peer, N., Kengne, A.-P., Motala, A. A., & Mbanya, J. C. (2014). Diabetes in the Africa region:
An update. Diabetes Research and Clinical Practice, 103(2), 197-205.

https://doi.org/10.1016/j.diabres.2013.11.006

Pheiffer, C., Pillay-van Wyk, V., Turawa, E., Levitt, N., Kengne, A. P., & Bradshaw, D. (2021).

Prevalence of Type 2 Diabetes in South Africa: A Systematic Review and Meta-Analysis.



55

International Journal of Environmental Research and Public Health, 18(11), 5868.

https://doi.org/10.3390/ijerph18115868

Rahier, J., Guiot, Y., Goebbels, R. M., Sempoux, C., & Henquin, J. C. (2008). Pancreatic -cell
mass in European subjects with type 2 diabetes. Diabetes, Obesity and Metabolism, 10,

32-42. https://doi.org/10.1111/1.1463-1326.2008.00969.x

Raji, A., Seely, E. W., Arky, R. A., & Simonson, D. C. (2001). Body Fat Distribution and Insulin
Resistance in Healthy Asian Indians and Caucasians. The Journal of Clinical
Endocrinology & Metabolism, 86(11), 5366—5371.

https://doi.org/10.1210/jcem.86.11.7992

Raygor, V., Abbasi, F., Lazzeroni, L. C., Kim, S., Ingelsson, E., Reaven, G. M., & Knowles, J.
W. (2019). Impact of race/ethnicity on insulin resistance and hypertriglyceridaemia.
Diabetes and Vascular Disease Research, 16(2), 153—159.

https://doi.org/10.1177/1479164118813890

Redondo, M. J., Hagopian, W. A., Oram, R., Steck, A. K., Vehik, K., Weedon, M.,
Balasubramanyam, A., & Dabelea, D. (2020). The clinical consequences of heterogeneity
within and between different diabetes types. Diabetologia, 63(10), 2040-2048.

https://doi.org/10.1007/s00125-020-05211-7

Rodriguez, J. E., & Campbell, K. M. (2017). Racial and Ethnic Disparities in Prevalence and
Care of Patients With Type 2 Diabetes. Clinical Diabetes: A Publication of the American

Diabetes Association, 35(1), 66—70. https://doi.org/10.2337/cd15-0048

Saad, M. F., Knowler, W. C., Pettitt, D. J., Nelson, R. G., Charles, M. A., & H. Bennett, P.

(1991). A two-step model for development of non-insulin-dependent diabetes. 7he



56

American Journal of Medicine, 90(1), 229-235. https://doi.org/10.1016/0002-

9343(91)90547-B

Salomon, J. A. (2014). Disability-Adjusted Life Years. In Encyclopedia of Health Economics

(pp. 200-203). Elsevier. https://doi.org/10.1016/B978-0-12-375678-7.00511-3

Staimez, L. R., Deepa, M., Ali, M. K., Mohan, V., Hanson, R. L., & Narayan, K. M. V. (2019).
Tale of two Indians: Heterogeneity in type 2 diabetes pathophysiology.
Diabetes/Metabolism Research and Reviews, 35(8), €3192.

https://doi.org/10.1002/dmrr.3192

Staimez, L. R., Weber, M. B., Ranjani, H., Ali, M. K., Echouffo-Tcheugui, J. B., Phillips, L. S.,
Mohan, V., & Narayan, K. M. V. (2013). Evidence of reduced B-cell function in Asian
Indians with mild dysglycemia. Diabetes Care, 36(9), 2772-2778.

https://doi.org/10.2337/dc12-2290

Sumner, A. E., Sen, S., Ricks, M., Frempong, B. A., Sebring, N. G., & Kushner, H. (2008).

Determining the Waist Circumference in African Americans Which Best Predicts Insulin

Resistance. Obesity, 16(4), 841-846. https://doi.org/10.1038/0by.2008.11
Tuomi, T., Santoro, N., Caprio, S., Cai, M., Weng, J., & Groop, L. (2014). The many faces of
diabetes: A disease with increasing heterogeneity. The Lancet, 383(9922), 1084—1094.

https://doi.org/10.1016/S0140-6736(13)62219-9

Utzschneider, K. M., Prigeon, R. L., Faulenbach, M. V., Tong, J., Carr, D. B., Boyko, E. J.,
Leonetti, D. L., McNeely, M. J., Fujimoto, W. Y., & Kahn, S. E. (2009). Oral Disposition
Index Predicts the Development of Future Diabetes Above and Beyond Fasting and 2-h

Glucose Levels. Diabetes Care, 32(2), 335-341. https://doi.org/10.2337/dc08-1478




57

Venters, H., & Gany, F. (2011). African Immigrant Health. Journal of Immigrant and Minority

Health, 13(2), 333-344. https://doi.org/10.1007/s10903-009-9243-x

Wang, L., Sacks, F. M., Furtado, J. D., Ricks, M., Courville, A. B., & Sumner, A. E. (2014).
Racial differences between African-American and white women in insulin resistance and
visceral adiposity are associated with differences in apoCIII containing apoAl and apoB

lipoproteins. Nutrition & Metabolism, 11(1), 56. https://doi.org/10.1186/1743-7075-11-

56

Werfalli, M., Engel, M. E., Musekiwa, A., Kengne, A. P., & Levitt, N. S. (2016). The prevalence
of type 2 diabetes among older people in Africa: A systematic review. The Lancet

Diabetes & Endocrinology, 4(1), 72—84. https://doi.org/10.1016/S2213-8587(15)00363-0

Weyer, C., Bogardus, C., Mott, D. M., & Pratley, R. E. (1999). The natural history of insulin
secretory dysfunction and insulin resistance in the pathogenesis of type 2 diabetes
mellitus. The Journal of Clinical Investigation, 104(6), 787-794.

https://doi.org/10.1172/JCI17231

Wu, Y., Ding, Y., Tanaka, Y., & Zhang, W. (2014). Risk factors contributing to type 2 diabetes
and recent advances in the treatment and prevention. International Journal of Medical

Sciences, 11(11), 1185—-1200. https://doi.org/10.7150/ijms.10001




Appendix

APPENDIX TABLES 1A-D. Metabolic Characteristics across glucose tolerance groups adjusted for age, sex, and BMI

(A) NORMAL GLUCOSE TOLERANCE-REFERENCE

58

Afri

Characteristic Asian Indians African immigrants SA-Mixed An:lecrjlclans Total

(n=993) (n=269) ancestry (n=682) (n=2053)

(n=109)

LS Mean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm)  82.5 0.2 83.8 0.4 82.4 0.3 86.7 0.7 <.0001
Fasting Glucose (mg/dL) 89.0 0.2 87.7 0.4 83.4 0.3 83.7 0.7 <.0001
30 min Glucose (mg/dL) 1364 081 127.73 T @ BEE 24 <0001
2-hour Glucose (mg/dL) 92.7 0.6 110.9 1.2 92.2 0.8 108.4 1.9 <.0001
Fasting Insulin (ulU/mL) 6.5 0.1 4.5 0.1 53 0.1 5.5 0.2 <.0001
30 min Insulin (IU/mL)  52.1 LI 658 21 1 s 33 <0001
2-hour Insulin (ulU/mL) 383 0.9 44.5 1.7 323 1.1 45.7 2.6 <.0001
HOMA-IR

1.4 : 1. : 1.1 : 1.1 : <.0001
(uIU/mL*mmol)/L?) 0.0 0 0.0 0.0 0.0 000
HOMA-B

94.2 9.7 58.7 19.0 133.2 11.9 108.0 29.3 0.0039
(ulU/mL)/(mmol/L)
Insulinogenic Index 1.0 10 14 1.1 1.1 <0001
(pmol/mmol) *
Oral Disposition Index 0.2 1.0 04 1.1 1.1 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.




(B) NORMAL GLUCOSE TOLERANCE-INSULIN RESISTANCE

59

Characteristic Asian Indians African SA-Mixed ancestry African Total
(n=167) immigrants (n=54) (n=126) Americans (n=23) (n=370)
LS Mean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm)  92.5 0.7 95.9 1.2 95.8 0.8 100.5 1.8 <.0001
Fasting Glucose (mg/dL) 92.4 0.6 90.4 0.9 87.7 0.6 89.9 1.5 <.0001
30 min Glucose (mg/dL) 1468 197 13225 4 T s 56 0.0005
2-hour Glucose (mg/dL) 98.9 1.5 117.7 2.6 104.1 1.8 111.8 4.0 <.0001
Fasting Insulin (ulU/mL) 154 0.5 14.3 0.9 18.5 0.6 13.6 1.4 0.0002
30 min Insulin WIU/mL) 1081 60 1503 R W B 17.1  0.0039
2-hour Insulin (uIU/mL) 90.2 4.9 114.8 8.3 90.6 5.8 65.7 13.0  0.001
HOMA-IR
(uIU/mL*mmol)/L?) 3.5 0.1 32 0.2 3.9 0.1 3.0 0.3 0.0016
HOMA-B
(ulU/mL)/(mmol/L) 240.5 293 2289 49.3 123.6 34.2 168.2 76.7  0.0055
Insulinogenic Index 1.6 1.1 29 1.1 2.8 12 <0001
(pmol/mmol) *
Oral Disposition Index 0.1 1102 1.1 0.2 12 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.




(C) ABNORMAL GLUCOSE TOLERANCE-INSULIN RESISTANCE

60

Characteristic Asian Indians African SA-Mixed ancestry African Americans Total
(n=270) immigrants (n=77) (n=152) (n=24) (n=523)
LSMean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm)  95.0 0.5 100.1 0.8 99.2 0.6 104.1 1.5 <.0001
Fasting Glucose (mg/dL) 137.4 3.1 106.6 5.7 126.1 43 106.0 103 <.0001
30 min Glucose (mg/dL) 2244 40  162.1 76 | 144 <0001
2-hour Glucose (mg/dL) 198.7 59 187.1 108 1849 81 1793 19.5  <.0001
Fasting Insulin (ulU/mL)  13.7 09 140 1.7 208 13 163 3.1 0.0001
30 min Insulin (WIU/mL)  67.0 3.0 973 7 T ¢ 108 <.0001
2-hour Insulin (uIU/mL) 78.7 49 1361 8.9 99.5 6.7  173.7 160  <.0001
HOMA-IR
4, . . . . 7 4 1. 04
(IU/mL*mmolyL?) 5 0.5 3.7 0.9 6.8 0.7 3 6  0.0476
HOMA-B
94.2 70 1353 128 1639 96  167.1 23.1 <0001
(ulU/mL)/(mmol/L)
Insulinogenic Index 0.5 1113 1.1 1.6 12 <0001
(pmol/mmol) *
Oral Disposition Index 0.04 1.1 0.l 1.1 0.1 12 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.




(D) ABNORMAL GLUCOSE TOLERANCE-BETA-CELL-FAILURE

61

Characteristic Asian Indians African immigrants SA-Mixed ancestry African Total
(n=320) (n=123) (n=152) Americans (n=29) (n=624)
LSMean SE LS Mean SE LS Mean SE LS Mean SE p-value
Waist Circumference (cm)  87.5 04 89.6 0.6 89.2 0.6 94.6 1.3 <.0001
Fasting Glucose (mg/dL) 105.4 0.7 942 1.1 98.6 1.1 87.6 23 <.0001
30 min Glucose (mg/dL)  176.0 1.8 1437 0 T 40 6.1 <0001
2-hour Glucose (mg/dL) 130.5 23 1585 3.9 156.8 3.7 157.8 7.7 <.0001
Fasting Insulin (ulU/mL) 7.1 0.1 5.6 0.2 5.5 0.2 6.8 0.4 <.0001
30 min Insulin (uIU/mL)  48.1 20 588 32 T ¢! 6.6  0.0248
2-hour Insulin (ulU/mL) 49.4 22 784 3.7 54.0 3.5 87.0 7.3 <.0001
HOMA-IR
1. . 1. . 1. : 1. 1 <.0001
(uIU/mL*mmol)/L?) 9 0.0 3 0.0 3 0.0 5 0 000
HOMA-B
56.4 73 758 12.1 63.1 11.5 108.3 24.1 0.0338
(ulU/mL)/(mmol/L)
Insulinogenic Index 0.6 1.1 09 1.1 12 <0001
(pmol/mmol) *
Oral Disposition Index 0.1 1.1 02 1.1 12 <0001

(I/mmol) *

*Geometric means and geometric standard errors provided.
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APPENDIX TABLES 2A-C. Relative contributions of insulin resistance and f-cell failure across glycemic status across three

ethnicities
(A) ASIAN INDIANS
Normoglycemia Prediabetes Diabetes

Model Variable OR OR p-value OR p-value
1 Insulinogenic Index 1 0.58 (0.51, 0.66) <.0001 0.16 (0.12,0.21) <.0001
2 Insulinogenic Index 1 0.47 (0.41,0.54) <.0001 0.09 (0.06, 0.13) <.0001
2 HOMA-IR 1 3.32(2.8,3.94) <.0001 10.53 (7.95, 13.94) <.0001
3 Insulinogenic Index 1 0.49 (0.42,0.57) <.0001 0.09 (0.07, 0.14) <.0001
3 HOMA-IR 1 3.30(2.77,3.92) <.0001 10.48 (7.89, 13.91) <.0001
4 Insulinogenic Index 1 0.48 (0.42,0.56) <.0001 0.09 (0.06, 0.13) <.0001
4 HOMA-IR 1 3.32(2.78,3.95) <.0001 10.66 (8.01, 14.19) <.0001
5 Insulinogenic Index 1 0.49 (0.42,0.57) <.0001 0.09 (0.07, 0.14) <.0001
5 HOMA-IR 1 2.97(2.48,3.55) <.0001 9.50 (7.09, 12.71) <.0001

Odds ratios (OR) are expressed per 1 standard deviation (SD) unit for each variable standardized within each ethnicity for each

outcome relative to the normoglycemia group (OR=1). Model 1 contains insulinogenic index independently. Model 2 contains

insulinogenic index and HOMA-IR. Model 3 adjusts for age. Mode 4 adjusts for age and sex. Model 5 adjusts for age, sex, and BMI.
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(B) AFRICAN IMMIGRANTS
Normoglycemia Prediabetes Diabetes
Model  Variable OR OR p-value  OR p-value
1 Insulinogenic Index 1 0.66 (0.53, 0.82) <.0001 0.18 (0.11, 0.29) <.0001
2 Insulinogenic Index 1 0.35 (0.26, 0.48) <.0001 0.05 (0.03,0.11) <.0001
2 HOMA-IR 1 3.68 (2.63, 5.15) <.0001 10.84 (6.33, 18.55) <.0001
3 Insulinogenic Index 1 0.35(0.26, 0.49) <.0001 0.05 (0.03,0.11) <.0001
3 HOMA-IR 1 3.75 (2.65, 5.32) <.0001 10.95 (6.34, 18.90) <.0001
4 Insulinogenic Index 1 0.36 (0.26, 0.49) <.0001 0.05 (0.03,0.11) <.0001
4 HOMA-IR 1 3.80 (2.68, 5.39) <.0001 11.04 (6.39, 19.09) <.0001
5 Insulinogenic Index 1 0.36 (0.26, 0.49) <.0001 0.05 (0.03,0.11) <.0001
5 HOMA-IR 1 3.57(2.48, 5.14) <.0001 9.64 (5.42,17.13) <.0001

Odds ratios (OR) are expressed per 1 standard deviation (SD) unit for each variable standardized within each ethnicity for each
outcome relative to the normoglycemia group (OR=1). Model 1 contains insulinogenic index independently. Model 2 contains

insulinogenic index and HOMA-IR. Model 3 adjusts for age. Mode 4 adjusts for age and sex. Model 5 adjusts for age, sex, and BMI.
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(C) AFRICAN AMERICANS
Normoglycemia  Prediabetes Diabetes ~

Model Variable OR OR p-value OR p-value
1 Insulinogenic Index 1 0.79 (0.57, 1.11) 0.1735

2 Insulinogenic Index 1 0.42 (0.26, 0.68) 0.0005

2 HOMA-IR 1 4.38 (2.52,7.63) <.0001

3 Insulinogenic Index 1 0.45 (0.27, 0.74) 0.0018

3 HOMA-IR 1 4.05 (2.33,7.04) <.0001

4 Insulinogenic Index 1 0.43 (0.26, 0.72) 0.0014

4 HOMA-IR 1 4.12 (2.36, 7.20) <.0001

5 Insulinogenic Index 1 0.45 (0.27, 0.74) 0.002

5 HOMA-IR 1 2.89 (1.57,5.34) 0.0007

Odds ratios (OR) are expressed per 1 standard deviation (SD) unit for each variable standardized within each ethnicity for each

outcome relative to the normoglycemia group (OR=1). Model 1 contains insulinogenic index independently. Model 2 contains

insulinogenic index and HOMA-IR. Model 3 adjusts for age. Mode 4 adjusts for age and sex. Model 5 adjusts for age, sex, and BMI.

~Qdds ratios for the diabetes group not shown for African Americans due to low sample size.
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APPENDIX FIGURES 1A-E. Variation of measures within each ethnicity across glucose tolerance groups, adjusted for age,
sex, and BMI. The glucose tolerance groups include normal glucose tolerance-reference (NGT-Ref), NGT-insulin resistant
(NGT-IR), abnormal glucose tolerance-insulin resistance (Abnl-GT-IR), and Abnl-GT-beta-cell-failure (Abnl-GT-p-Cell-

Failure).

(A) Mean Fasting Glucose within each ethnicity across glucose tolerance groups, adjusted for age, sex, and BMI
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Asterisks denote differences within each ethnicity adjusted for age, sex, and BMI compared to the NGT-Ref group. *p<0.05,

**p<0.01, ***p<0.001. Hashtags are for differences between the two groups with Abnl-GT. # p<0.05, ## p<0.01, ### p<0.001.



(B) 30-minute Insulin within each ethnicity across glucose tolerance groups, adjusted for age, sex, and BMI
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SA-Mixed ancestry are not represented due to lack of 30-minute OGTT measurements. Asterisks denote differences within each
ethnicity adjusted for age, sex, and BMI compared to the NGT-Ref group. *p<0.05, **p<0.01, ***p<0.001. Hashtags are for

differences between the two groups with Abnl-GT. # p<0.05, ## p<0.01, ### p<0.001.
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(C) HOMA-IR within each ethnicity across glucose tolerance groups, adjusted for age, sex, and BMI
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Asterisks denote differences within each ethnicity adjusted for age, sex, and BMI compared to the NGT-Ref group. *p<0.05,

**p<0.01, ***p<0.001. Hashtags are for differences between the two groups with Abnl-GT. # p<0.05, ## p<0.01, ### p<0.001.
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(D) HOMA-B within each ethnicity across glucose tolerance groups, adjusted for age, sex, and BMI
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Asterisks denote differences within each ethnicity adjusted for age, sex, and BMI compared to the NGT-Ref group. *p<0.05,

**p<0.01, ***p<0.001. Hashtags are for differences between the two groups with Abnl-GT. # p<0.05, ## p<0.01, ### p<0.001.
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(E) Insulinogenic Index within each ethnicity across glucose tolerance groups, adjusted for age, sex, and BMI
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SA-Mixed ancestry are not represented due to lack of 30-minute OGTT measurements. Asterisks denote differences within each
ethnicity adjusted for age, sex, and BMI compared to the NGT-Ref group. *p<0.05, **p<0.01, ***p<0.001. Hashtags are for

differences between the two groups with Abnl-GT. # p<0.05, ## p<0.01, ### p<0.001.
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