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Abstract

Behavioral Contributions to the pathogenesis of prediabetes and Type 2 diabetes (T2D) include

lifestyle behaviors including dietary intake, exercise, sedentariness, sleep, and stress. The purpose

of this paper is to review evidence for the metabolic pathways by which the behavior is linked to

T2D. Evidence for interventions which change each of the lifestyle behaviors is discussed. The

article will close with a brief discussion on how new technologies may provide opportunities to

better understand relationships between moment-to-moment fluctuations in behaviors and diabetes

pathogenesis, as well as provide opportunities to personalize and adapt interventions to achieve

successful behavior change and maintenance of that change. Especially promising are new

technologies which assist in tracking lifestyle behaviors along with clinical and metabolic

outcomes.
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Introduction

Type 2 diabetes (T2D) has reached epidemic proportions in the United States [1] and

globally [2]. According to the Centers for Disease Control, 11.8% of men and 10.8% of

women over 20 years of age had T2D in the United States in 2010. Compared to non-

Hispanic white adults, the risk of diagnosed diabetes was 18% higher among Asian

Americans, 66% higher among Hispanics, and 77% higher among non-Hispanic Blacks [3].
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Not only is T2D a disease of the present, it is perhaps the disease of the future. On a global

scale, it is estimated that diabetes (type 1 and 2 taken together) will see a 54% increase by

2030 [4]. In the United States, the lifetime risk for developing diabetes for children born in

the year 2000 has been estimated at 32.8% for males and 38.5% for females. Lifetime risk is

considerably higher for Hispanic and non-Hispanic black populations [5].

In conjunction with the epidemic of T2D, the prevalence of prediabetes has skyrocketed.

Prediabetes, also referred to as impaired glucose tolerance (IGT) or impaired fasting glucose

(IFG), depending on the test used for diagnosis, entails blood sugar levels that are higher

than normal, but not high enough to be diagnosed with diabetes. Data from the National

Health and Nutrition Examination Surveys (NHANES) showed that in 2010, 36.2% of US

adults aged 20 years and older had prediabetes [6]. Children are also experiencing increasing

levels of prediabetes. NHANES data from 2005–2006 showed that 16.1% of children

between 12–19 years of age had prediabetes, with Hispanic, non-Hispanic Black, obese and

older children showing considerably higher prevalence [7]. One study conducted in a

representative sample of US adolescents aged 12–19 in 2007–2008 found that 23% had

either prediabetes or diabetes [8]. Without making lasting positive changes in obesity-related

behaviors, 15% to 30% of people with prediabetes will develop T2D within 5 years [9].

Poor health-related behaviors during pregnancy can have important long-term effects on the

development of prediabetes and diabetes in the child. For example, mounting evidence

indicates that poor maternal diet [10] and diabetes during pregnancy are contributing in a

feed-forward fashion to the epidemics of obesity and T2D.[11] The effects of diabetes

during pregnancy can be thought of a vicious cycle. Offspring exposed to poor maternal diet

or maternal diabetes in utero are at higher risk of developing obesity and type 2 diabetes

early in life. This leads to a greater number of women of child-bearing age who develop

diabetes before or during pregnancy, which in turn perpetuates the cycle.

Behavioral contributions to prediabetes and T2D

Prediabetes and T2D are profoundly impacted by lifestyle behaviors [12]including dietary

intake, exercise, sedentariness, sleep, and stress.. Many of these behaviors, such as sugar

consumption, contribute to poor glucose regulation, regardless of obesity levels (see for

instance [13]). This review will address five lifestyle behaviors that have strong evidence

base for a causal link with T2D: diet, physical activity, sedentary behavior, sleep and stress.

Each section will provide the evidence for the link between the behavior and T2D, the

metabolic pathways by which the behavior is linked to T2D, and some information on

changing that behavior. The article will close with a brief discussion on how new

technologies may provide opportunities to better understand relationships between moment-

to-moment fluctuations in behaviors and diabetes pathogenesis, as well as provide

opportunities to personalize and adapt interventions to achieve successful behavior change

and maintenance of that change.

Dietary intake and pathogenesis of T2D

A comprehensive review of all dietary intakes that are related to T2D is far beyond the

scope of this brief review, therefore we focus on two major ‘culprits’ that have been
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identified in current literature. Fiber consumption (in fruit, vegetables and whole grains) has

been shown to be protective against prediabetes and diabetes. Sugar intake has been directly

related to increased risk for T2D, and we focus on consumption of sugar sweetened

beverages here.

Fiber and High-Fiber Foods

A study of 2909 healthy adults found an inverse association between dietary fiber measured

by food frequency screener and both fasting insulin and 2-hour postprandial insulin. [14]

Similarly, a crossover trial with individuals with T2D found that following a high-fiber diet

resulted in a 10% decrease in 24-hour plasma glucose and insulin concentrations after six

weeks, compared to a diet with moderate fiber composition. [15] These findings are echoed

in studies of individual food items, and several large cohort studies have demonstrated a

decreased relative risk of T2D with higher intake of whole grains, reported by food

frequency screeners. [16–18] Fruit and vegetable (FV) intake has also been demonstrated to

contribute to a decreased risk for T2D. [19, 20] Recently, studies have focused on the

specific FV consumed, indicating that a greater variety of FV [19] and greater amounts of

green leafy vegetables [21] are protective against diabetes risk.

The mechanism through which fibrous foods act to reduce T2D risk is not completely

understood. [22, 23] Two prominent pathways through which fiber acts are via slowing

gastric emptying and macronutrient absorption, [24] and by increasing satiety following

meals to limit additional caloric intake. [25] Furthermore, polyphenols found in plant foods

may also mitigate diabetes risk by altering sucrose breakdown and inhibiting glucose and

fructose transport. [26]

Sugar-Sweetened Beverages

Sugar-sweetened beverage (SSB) consumption has dramatically risen in the last half

century, [27] which is concerning given implication of SSB intake on the risk of T2D. A

large cohort study revealed over 80% increase in T2D risk for women who drank one SSB

per day, relative to women who had less than one drink per month; an association which was

still significant after controlling for BMI.[28] A meta-analysis similarly found a 26%

increase in diabetes risk comparing the aforementioned intake groups. [29]

Surprisingly, there is limited data on the impact of total sugars on T2D risk, and these

studies do not show strong evidence of a relationship (of three studies identified in a recent

review, two found no association, and one found an unexpected inverse association).[30]

This may be due to the significant presence of high-fructose corn syrup (HFCS) in SSB.

While glucose enters cells by a transport mechanism (Glut-4) that is insulin dependent in

most tissues, and helps to provide “satiety” signals to the brain, fructose provides no such

signal. Fructose enters cells via a Glut-5 transporter that does not depend on insulin. This

transporter is absent from pancreatic beta cells and the brain, suggesting that the entry of

fructose into these tissues is quite limited. Therefore, glucose provides “satiety” signals to

the brain while fructose cannot provide these signals. In this manner, fructose alters

regulatory pathways contributing to obesity and co-morbidities. [31]
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Several major pathways through which SSB may alter T2D risk have been studied,

including one where SSB consumption is posited to limit satiety feedback mechanisms,

leading to weight gain.[31, 32] Also, the easily absorbable nature of carbohydrates present

in SSBs increases postprandial insulin response and ultimately insulin resistance.[33]

Furthermore, the high concentration of fructose consumed in SSBs promotes hepatic de

novo lipogenesis, which can also contribute to the development of insulin resistance.[34]

Changing Dietary Behaviors

Educational interventions have long been the most popular strategy for improving dietary

behaviors, yet new modifications to this approach show promise to improve reach and

impact. Using new technologies such as smart phones to deliver real-time, personalized

interventions may be especially transformative because of the opportunities for accessible

self-monitoring and adaptive feedback.[35, 36] The evidence base on this approach is

rapidly growing, and preliminary studies show that technology-based interventions are

equally, [37] or even more, effective at changing dietary habits than traditional in-person or

paper formats. [38, 39]

Garden- and cooking-based nutrition interventions with children have also grown in

popularity over recent years [40–42], and although there is a theoretical benefit to these

approaches (increased exposure to unfamiliar vegetables, focus on origins of foods, hands

on participation), there is little evidence to date that these interventions are more effective

than tradition models.

Taxation has recently been explored as an option to limit SSB, and economic principals

suggest that a higher cost of these drinks would limit purchases, yet we cannot know the

definitive impact of policy until implemented. [43] A major limitation to this approach is the

lack of public support for a SSB tax, [44] and more advanced strategies will be needed for

policy to be successful in limiting SSB intake.

Physical Activity

Physical activity has been shown to have a protective effect on T2D risk, and lack of

physical activity has been shown to increase T2D risk. Indirect demonstration of this

relationship is provided by the fact that shifts from traditional to modern lifestyles over the

past century, characterized by a decrease in habitual physical activity, have been

accompanied by a rise in the prevalence of T2D.[45] Beyond these more broad associations,

large cross-sectional and retrospective studies have shown that the prevalence of T2D

among people who regularly exercise is lower than among people who do not regularly

exercise.[46] Results from several large prospective studies including the Women’s Health

Study, the Nurses’ Health Study, and the Health Professionals Follow-up Study have shown

that in both men and women, regular moderate exercise (such as walking) reduces the risk

for T2D by as much as 34%.[46] Habitual lack of physical activity appears to have a

detrimental impact on glucose tolerance, [45] as studies of non-diabetic populations have

shown that individuals who are overall less physically active have higher post-challenge

blood glucose levels than individuals who are more physically active.[47–50] Results from

physical activity interventions for the prevention of T2D provide perhaps the most direct
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evidence of this association, demonstrating that increased physical activity significantly

reduces the risk for or delays the onset of T2D, even among individuals with impaired

glucose tolerance, compared to control conditions.[51, 52]

The mechanisms underlying the protective effects of physical activity on T2D are not fully

understood. However, compliance with recommended physical activity guidelines is known

to help prevent weight gain, [46] an important risk factor for T2D.[53] The benefits of

physical activity may not only be due to weight regulation, since evidence indicates that risk

for T2D is reduced with increased physical activity despite adiposity levels.[46, 54] This

may be explained by the short and long-term metabolic benefits conferred by physical

activity. Studies have also shown that bouts of exercise have an impact of lowering blood

glucose levels which extends to the post-exercise period.[55] Physical activity is known to

enhance insulin sensitivity, thereby improving glucose tolerance.[46, 56]

Changing physical activity behavior

Recent studies have indicated that most of the U.S. population does not meet the

recommendation for 150 minutes per week of moderate-intensity [57] or 75 minutes per

week of vigorous-intensity [57] physical activity.[58, 59] Yet, health risks associated with

low levels of physical activity can be mitigated with as little as 30 minutes of moderate-

intensity activity per day.[46] It is therefore evident that physical activity is one modifiable

health behavior that can delay or protect against the onset of T2D. However, physical

activity behavior change adoption and maintenance are not easy to promote, as evidenced by

inconsistent success [60] and lack of scalability [61] typical of many physical activity

interventions. There are factors that can be targeted that have been shown to improve

physical activity compliance. For instance, increased social support from friends and family

has been shown to improve enjoyment of [62] and adherence to [63] physical activity

programs among women. Additionally, interventions that target motivational readiness for

physical activity behavior change have been shown to improve behavior change adoption.

[64] [65] There is also evidence that tailored interventions can improve behavior change.

[66] The task of increasing physical activity has proven difficult, particularly in developed

societies where both work and play are dominated by opportunities for sedentary activities.

Novel interventions that have shown promise include active gaming [67], socially

networked games [68], and mobile health interventions [69] that combine real-time

monitoring through wearable sensors and personalized, adaptive feedback through mobile

phones [36].

Sedentary Behavior

Sedentary behavior pertains to activities that do no raise energy expenditure above resting

levels (defined as 1.0–1.5 METs).[70, 71] Sedentary behavior does not merely represent a

lack of physical activity, but is instead a distinct set of behaviors that carries its own risks

for chronic diseases, including T2D.[72–74] A meta-analysis of twenty-three studies that

examined the relationship between sedentary behavior and T2D concluded that, compared to

active individuals, sedentary individuals have a 1.31–1.45 increase in risk for developing the

disease.[75] Sedentary behavior, such as TV watching, is known to have a detrimental

impact on metabolic health. This is indicated by studies that have found an association
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between sedentary behaviors and abnormal glucose metabolism.[50] Additionally, single

bouts of prolonged sedentary behavior have been shown to lead to decreased insulin

sensitivity.[76, 77] Moreover, sedentary behavior may be related to risk for T2D

independent of physical activity levels. Recent evidence indicates that even if individuals

meet recommended physical activity guidelines, excessive amounts of time spent in

sedentary behavior can have detrimental effects on metabolic health.[71, 73] Studies have

found detrimental dose-response relationships between number of hours of TV watched per

week and 2-hour plasma glucose as well as fasting plasma glucose levels in healthy adults,

[74] even among those who reported at least 150 minutes/week of moderate-to-vigorous

physical activity.[71] This evidence indicates that sedentary behavior is a distinct risk factor

for T2D.

Recent studies of “inactivity physiology” have demonstrated that the mechanisms

underlying the association between sedentary behavior and T2D risk may differ from those

for physical activity.[73] Muscle contraction is integral to clearing glucose from the blood,

which may explain why sedentary behavior (the absence of muscle movement) is associated

with increases in fasting and 2-h plasma glucose levels that have been observed after bouts

of sedentary behavior.[78] Additionally, results from animal studies have suggested that the

impact of sedentary time on lipoprotein lipase may be the underlying mechanism for the

influence of sedentary behavior on metabolic health.[74] The activity of lipoprotein lipase,

an enzyme that is critical for the hydrolysis of triglycerides in lipoproteins, has been shown

to decrease a short time after inactivity.[79] The effects of this loss of lipoprotein lipase

activity has been suggested to cascade to a detrimental impact on glucose homeostasis.[74]

Changing sedentary behavior

Similar to physical activity, there is a lack of consensus in the literature regarding how to

successfully change sedentary behavior and maintain that change over time.[80]

Interventions that have aimed to decrease sedentary behavior by increasing physical activity

have had mixed results. For example, an intervention by Sevick et al., 2000 compared

cognitive-behavior modification techniques for physical activity behavior change to a

structured exercise program and found that participants in both conditions maintained

increased physical activity at 24 months after the intervention.[81] This suggests that both

structured exercise programs and programs that employ behavior modification strategies can

decrease sedentary behavior and increase physical activity.[81] However, a study conducted

by Lee et al., 2003, that aimed to change physical activity in sedentary adults found that

sedentary behaviors persisted despite increased physical activity.[82] Furthermore, there is a

lack of interventions for adults to decrease sedentary behaviors common in the workplace, at

home and during transportation.[83] Literature is emerging on the metabolic benefits of

taking breaks in sedentary time[80], also in people with early stage T2D.[84]

Sleep

Poor sleeping habits have been investigated as contributors to T2D risk. Evidence from

these studies indicates that both short-duration (<6 hours) and long-duration (>9 hours) sleep

are associated with an increase in the risk for T2D.[85–87] In addition to sleep duration,

frequent difficulty initiating sleep and maintaining sleep have been shown to be risks for
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late-onset T2D.[85] The association between sleep habits and diabetes may be due to the

adverse impact on blood glucose regulation and insulin after decreased sleep duration that

has been found in laboratory sleep studies.[88–90] Additionally, epidemiologic studies have

demonstrated that poor sleep duration and quality predict high HbA1c, which is a marker for

overall glycemic control.[88] Although sleep duration and quality can be determined by both

behavioral and medical factors, behavioral causes of poor sleep appear to be modifiable

targets for behavioral interventions for T2D prevention.

The slow-wave sleep phase may have a particularly important role for glycemic control. The

onset of the slow-wave sleep phase occurs simultaneously with hormonal changes that affect

glucose metabolism, suggesting that this phase of sleep may play a role in maintaining

normal glucose regulation.[91] Sleep quality may be linked to T2D risk through the

neuroendocrine regulation of appetite.[92, 90] Poor sleep quality leads to changes in

circulating leptin and ghrelin levels, hormones that play a part in regulating hunger and

satiety. Changes in the circulating levels of these hormones are associated with increased

hunger and appetite during waking hours, which can in the long-term lead to weight gain

and impaired glycemic control.[92, 90]

Changing poor sleeping behaviors

Evidence from intervention studies indicates that behavioral changes can improve sleep

issues. A meta-analysis of 23 studies found that behavioral intervention strategies, including

cognitive-behavioral treatments and relaxation therapy, have positive impacts on sleep

onset, maintenance, and quality.[93] Additionally, there is evidence that improved sleep

outcomes are maintained over a longer period of time after behavioral treatments that target

stimulus control, sleep restriction, and sleep hygiene, compared to pharmacological

treatments.[94, 95] Exercise has also been shown to improve sleep outcomes in advanced

age individuals.[96] This evidence indicates that sleep is a modifiable behavioral risk factor

for T2D.

Stress

Stress appears to be an important consideration for T2D risk, evidenced by a prospective

cohort study indicating that perceived permanent stress resulted in a 45% increase in risk for

T2D (relative to those who reported no stress), even after adjusting for typical risk factors

including socio-economic status.[97] However, other reports, such as a review and meta-

analysis indicating no link between work-related stress and T2D, [98] appear to provide a

contrary evaluation. The discrepancy in these data could be attributable to the distinction

between actual and perceived stress, with the literature suggesting that individual-level

factors related to stress perception, such as coping skills, may be more important predictors

than actual circumstances. For example, an assessment of burnout (measured by exhaustion,

fatigue and weariness) and T2D indicates that burnout is associated with an 84% increased

risk for T2D.[99] Also, a review of psychosocial predictors for T2D identified depression,

general emotional stress, anxiety, sleeping problems and hostility as key risk factors.[100]

Stressful conditions stimulate the hypothalamic-pituitary-adrenal (HPA) axis to produce

cortisol (the primary hormone responsible for the physiologic stress response), which
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induces hepatic insulin resistance and decreased insulin secretion.[101, 102] Chronic

overstress may also function to negatively impact HPA axis regulation.[103] HPA axis

dysregulation is problematic in that it is strongly implicated in the development of T2D,

likely through resultant increased visceral adiposity.[102] Furthermore, stress may also

increase T2D risk by altering food intake behaviors, especially by increasing cravings for

and consumption of foods higher in fat and sugar, subsequently increasing postprandial

insulin response and obesity risk.[104]

Changing the Stress Response

Physical activity has repeatedly been shown to reduce stress [105], however as evidenced

above, changing people’s physical activity levels can be challenging. One of the most

popular intervention mechanisms to reduce stress is through meditation and mindfulness

coaching. Mindfulness-based stress reduction (MBSR) works by encouraging participants to

be more attentive to their thoughts and experiences, leading to a greater sense of control and

stronger coping.[106] A review and meta-analysis of MBSR interventions indicates that this

approach is helpful for a wide range of conditions.[106] To our knowledge there have not

been any MBSR interventions for diabetes prevention, but programs targeting obesity and

eating behaviors have been shown to be effective to reduce food cravings and have a limited

positive effect on body weight.[107–109] These approaches may be improved through the

use of mobile technology to deliver intervention programs, [110] which would not only

improve program reach, but also provide the opportunity to intervene at specific targeted

times.

Conclusion

Preventing diabetes and preventing the progression to diabetes: Why is this one so hard
to conquer?

T2D pathogenesis and behavior is a marathon, not a sprint. Early clinical trials documented

the benefit of some lifestyle behaviors in preventing or delaying diabetes [111, 112].

Nonetheless, there has been minimal overall, long-term gain in improvements in obesity and

diabetes-related health behaviors. The initiation and maintenance of lifestyle behavior

changes is extremely difficult, even for the highly motivated. Even when interventions

succeed in controlled clinical trials, maintenance of behavior change is the exception rather

than the norm, with the vast majority of participants relapsing, regaining weight, and/or

returning to old dietary and exercise habits [113].

The behaviors related to T2D are also interrelated. For instance, poor sleep alters circulating

leptin and ghrelin levels [114], which in turn can lead to higher caloric intake. Poor sleep is

exacerbated by increased stress [115], which is related to increased secretion of cortisol and

interleukin-6, elevated insulin concentrations, development of central obesity, insulin

resistance, and the metabolic syndrome [116]. Stress is furthermore independently related to

intake of calorically dense foods. There is evidence for several mechanisms that might

explain this relationship, including evidence that sweet or highly palatable, energy dense

foods inhibit the stressor-induced glucocorticoid effects on the brain [117]. Conversely,

increasing physical activity can alleviate stress, partially through promoting production of
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neurohormones such as norepinephrine, which is associated with improved cognitive

function and elevated mood [118]. There is evidence that physical activity also helps to

improve sleep. Several underlying mechanisms for this effect have been suggested [119].

Better understanding of pathogenesis and behavioral interrelationships may lead us to

consider whether behavior interventions should target single behaviors or multiple,

interrelated behaviors [120]. However, past the need to change behaviors, there is a need to

develop good, lifelong habits. Short-term behavior changes are often followed by relapse

[121], and a major goal of future interventions should be sustained behavior change, i.e.

maintenance of healthy behaviors throughout life.

Mobile health interventions as well as mobile health tracking technology may provide

opportunities to better understand the relationship of behaviors to diabetes pathogenesis and

clinical measures (blood glucose, cholesterol, blood pressure). Behaviors, as well as health

indicators, fluctuate throughout the day, across days and weeks and years. How are these

fluctuations interrelated, and how do they relate to health outcomes? Understanding these

relationships will improve interventions and contribute to behavior change and maintenance.

To accomplish this, a strong, empirical theoretical basis for understanding health-related

behaviors is required. The current body of literature on behavioral theory enumerates

influences on behavior on many levels, including metabolic, demographic, psychological,

social, environmental, socio-economic, and policy-level [122–124]. However, these theories

do not take into account the moment-to-moment variability in behaviors and the real-time

influences that drive behavior changes. New technologies, including wearable and

deployable sensors, global positioning systems and smartphone technologies can provide

rich, contextualized and temporally dense data that will help us to develop empirically

grounded momentary models of health-related behaviors. [125–127] The combination of

momentary models of behavior and wearable, wireless technologies will enable a new

generation of interventions that can be tailored to changing behavior ‘on the fly’.[128] New

sensor technologies are enabling ongoing tracking of calories, sleep, stress, blood glucose,

exercise, lipid levels and many other T2D related behaviors and conditions that can be used

for self-monitoring, to help health care providers track their patients, and to provide real-

time and personalized interventions. To help people make lasting behavioral changes,

interventions will need to be compelling, engaging, and seamlessly integrated into daily life.
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