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Abstract

Epidemiological evidence supports an inverse relationship between adequate intake of dairy foods 

and susceptibility to type 2 diabetes (T2D). The biological mechanisms responsible for this 

association remain to be established. This review provides a current perspective on proposed 

mechanisms that may underlie these effects, and highlights how randomized clinical trials can be 

applied to investigate these relationships. Results from epidemiological studies generally support 

that consumption of milk and dairy products is associated with a lower incidence of T2D or 

improvements in glucose homeostasis indices, and studies of animal and cell models support a 

positive effect of dairy-rich diets or components on metabolic and inflammation factors relevant to 

T2D and insulin resistance. Emerging evidence indicates that dairy components that alter 

mitochondrial function (e.g., leucine actions on silent information regulator transcript 1 (SIRT1)-

associated pathways), promote gut microbial population shifts, or influence inflammation and 

cardiovascular function (e.g., Ca-regulated peptides calcitonin gene-related peptide [CGRP] or 

calcitonin) should be considered as possible mechanistic factors linking dairy intake with lower 

risk for T2D. The possibility that dairy-derived trans-palmitoleic acid (tC16:1) has metabolic 

bioactivities has also been proposed. Pre-clinical and clinical studies focusing specifically on these 

parameters are needed to validate hypotheses regarding the potential roles of dairy products and 

their components on the determinants of glucose tolerance, particularly insulin sensitivity, 

pancreatic endocrine function, and inflammation in individuals at-risk for T2D development. Such 

experiments would complement epidemiological studies and add to the evidence base for 

recommendations regarding consumption of dairy products and their individual components.
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Introduction

Rapidly rising rates of type 2 diabetes (T2D) and other cardiometabolic disorders pose a 

significant threat to human health and raise healthcare costs worldwide. Data collected by 

the Centers for Disease Control and Prevention (CDC) shows that 26 million Americans 

have diabetes, and approximately one third of U.S. adults are classified as having 

prediabetes and/or metabolic syndrome [1, 2]. The health complications associated with 

diabetes are extremely taxing at both the individual and healthcare system levels. For 

instance, according to the CDC, diabetes is the leading cause of adult blindness in the U.S. 

and is also responsible for 44% of end-stage renal disease cases and 60% of lower limb 

amputations. The treatment and management of diabetes costs an estimated $176 billion 

annually in the U.S. alone, and the estimated indirect cost from disability, loss of work, and 

premature death related to diabetes is $69 billion [3]. Trends in the prevalence of obesity and 

T2D among pediatric and adolescent populations have also become a major public health 

concern. Obesity, a major risk factor for developing T2D and metabolic syndrome, has more 

than doubled in children and tripled in adolescents living in the U.S. over the past two 

decades [4, 5]. During this time, the percentage of pediatric cases of diabetes classified as 

T2D has risen from less than 3% to 45% [6]. Diet and lifestyle interventions are the 

preferred treatment modality for these groups, and pharmacotherapy is only indicated if 

supervised lifestyle intervention fails [7, 8]. In light of these sobering statistics, it is 

imperative that the clinical and scientific communities identify modifiable factors that can 

help prevent or mitigate T2D and other cardiometabolic diseases.

Recently, the relationship between dairy consumption, reduced T2D risk, and improved 

metabolic health has received increasing attention. The potential role for dairy consumption 

to reduce T2D risk was recognized in the 2010 Dietary Guidelines for Americans (DGA), 

which recommend 3 cups of fat-free or low-fat (1%) milk and milk products daily for 

individuals aged 9 years and above [9]. The DGA, established jointly by the U.S. 

Departments of Agriculture and Health and Human Services, are designed to provide 

science-based advice for Americans aged 2 years and above to help prevent chronic diseases 

and promote health. Recommendations for milk product intake have traditionally been based 

on their role as key contributors of essential nutrients, as well as on moderate evidence of a 

link to improved bone health. In 2010, the Dietary Guidelines Advisory Committee 

addressed a number of questions related to diet and disease risk using an evidence-based 

review process, and one of these questions was “What is the relationship between the intake 

of milk and milk products and incidence of T2D?” [10]. The Committee considered a 

systematic review with meta-analysis of four prospective studies, which reported that 

relative risk for T2D was 10% lower in people who had a high milk intake relative to those 

with low consumption [11]. Based on this, the Committee concluded that “Moderate 

evidence shows that milk and milk products are associated with a lower incidence of type 2 

diabetes in adults,” and in the Implications section, noted that “Research since 2004 shows 
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that under-consumption of milk and milk products may lead to an increase in type 2 

diabetes” [10].

This review aims to summarize recent meta-analyses that evaluated these potential links, to 

explore possible mechanisms, and to identify knowledge gaps to provide guidance and 

insight for future studies.

Summary of Recent Epidemiological Evidence

Since the publication of the 2010 DGA report, studies have been published that support a 

possible protective effect of dairy product consumption on T2D incidence. In the following 

publications, the evidence reviewed is based on observational data obtained primarily 

through validated food-frequency questionnaires. While there is some variation among the 

dairy items included, the majority of studies defined total dairy intake as the combined 

intake of individual low-fat (skim milk, 1% milk, skim chocolate milk, sherbet, yogurt, 

cottage/ricotta cheeses) and high-fat (whole milk, cream, sour cream, ice-cream, butter, 

cream cheese and other cheeses) dairy products.

Tong et al. [12] completed a meta-analysis of studies on dairy consumption and risk of T2D, 

with seven cohort studies identified from a systematic literature review. When comparing the 

highest with the lowest dairy product intake, the combined diabetes risk ratio (RR) was 0.86 

(95% CI, 0.79–0.92), with little evidence of heterogeneity. For subgroup analysis, the 

combined RRs were 0.82 (95% CI, 0.74–0.90), 1.00 (95% CI, 0.89–1.10), 0.95 (95% CI, 

0.86–1.05) and 0.83 (95% CI, 0.74–0.93) for intake of low-fat dairy, high-fat dairy, whole 

milk and yogurt, respectively. Dose-response analysis showed that T2D risk could be 

reduced 5% for each one serving per day of total dairy products and 10% for each one 

serving per day of low-fat dairy products.

Kalergis et al., in a recent evidence-based review, reported that dairy intake is significantly 

associated with a reduced T2D risk and the relationship is dose-dependent [13]. There was 

consistent evidence to support an association between low-fat dairy consumption and T2D 

risk reduction, but a beneficial impact was also suggested for regular-fat dairy. The authors 

concluded that the roles of specific dairy products need to be clarified and that mechanistic 

studies should be conducted to expand on the current research. Another evidence-based 

review examining studies published just after the 2010 DGA report arrived at essentially the 

same conclusions [14].

Aune et al. [15] conducted a systematic review and dose-response meta-analysis of 17 

cohort studies related to dairy intake and T2D risk. Summary RRs were estimated with a 

random-effects model. In the dose-response analysis, the summary RRs (95% CIs) were 

0.93 (0.87–0.99) per 400 g total dairy products/day, 0.98 (0.94–1.03) per 200 g high-fat 

dairy products/day, 0.91 (0.86–0.96) per 200 g low-fat dairy products/day, 0.87 (0.72–1.04) 

per 200 g milk/day, 0.92 (0.86–0.99) per 50 g cheese/day, and 0.78 (0.6–1.02) per 200 g 

yogurt/day. Nonlinear inverse associations were observed for total dairy products, low-fat 

dairy products, cheese, and yogurt, with a flattening of the curves at higher intakes. The 

authors concluded that there is a significant inverse association between intakes of dairy 
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products, low-fat dairy products, and cheese and risk of T2D. Similarly, another recent meta-

analysis of 14 studies [16] concluded that for 200 g/day total or low-fat dairy consumption, 

RRs for T2D risk were 0.94 (0.91–0.97) and 0.88 (0.84–0.93), respectively. For 30 g/day 

cheese and 50 g/day yogurt the RRs were 0.80 (0.69–0.93) and 0.91 (0.82–1.00), 

respectively.

Thus, these recent population-based observational findings support an inverse relationship 

between dairy consumption and T2D risk. However, there is ambiguity surrounding the 

effects of different dairy products, the specific dairy food components involved, as well as 

the potential mechanisms by which this association occurs. Since not all dairy intervention 

studies have demonstrated improvements in glycemic control indices (e.g., [16, 17]), there is 

a need for further clinical trials to explore mechanisms and to determine if there are 

phenotypic subsets of the population that would most benefit from the metabolic effects of 

dairy foods.

Dairy and Cardiometabolic Health: Potential Mechanisms

In addition to the epidemiological evidence supporting a positive role for dairy-rich diets and 

cardiometabolic health, results outlined below from rodent obesity models or cell culture 

models support the concept that dairy-associated factors could improve insulin sensitivity, 

reduce adiposity, and/or attenuate inflammation or oxidative stress markers. The degree to 

which these outcomes can be replicated in human populations remains to be established; yet 

insights related to potential mechanisms of action for dairy foods may be gleaned from these 

models. Despite several plausible mechanistic models, and some emerging ideas worth 

consideration, large knowledge gaps remain with respect to our basic understanding of how 

dairy diets influence metabolism and inflammation.

Calcium and calcitriol

Evidence from cell culture models has provided in vitro support for the hypothesis that in 
vivo, dietary calcium attenuates inflammatory cytokine production, oxidative stress, and fat 

cell lipid accumulation. The basic premise is that suboptimal dietary calcium results in 

elevated production and blood levels of the calcium-regulating vitamin D derivative 

calcitriol (1,25-dihydroxyvitamin D3), which in turn has pro-inflammatory and obesogenic 

activities (reviewed in: [18, 19]). Calcitriol increased pro-inflammatory cytokine gene 

expression and secretion from adipocytes and macrophages, and was associated with higher 

intracellular Ca accumulation and reactive oxygen species generation [20]. A high Ca diet 

reduced inflammation and adiposity in the aP2-agouti obese mouse model [21]. Despite 

these promising results, the role of calcium and calcitriol on obesity- and inflammation-

associated phenotypes in vivo remains an open question. For instance, high calcium feeding 

in isolation without a dairy matrix does not consistently reduce adiposity in diet-induced 

obese (DIO) rodent models (e.g., [22–24] and references therein), and in some cases 

promotes obesity and adipose tissue inflammation despite lowered blood calcitriol [23]. 

Protein source (nonfat dry milk (NFDM) or whey), and not dietary Ca level or changes in 

calcitriol, corresponded best to adiposity differences in DIO mice and rats [25, 26]. With 

respect to inflammation, recent results from a DIO mouse model (fed adequate or high Ca, 
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or high Ca with a NFDM matrix) indicated that in a group of 90 mice, adipose macrophage 

infiltration (and inflammation generally) closely correlated with adiposity regardless of diet 

[23]. In humans, calcitriol had anti-inflammatory actions in ex vivo studies of monocytes 

from persons with type 1 and type 2 diabetes, with no effect in non-diabetics [27]. The 

reason for the latter was not ascertained, but likely was because of the demonstrated very 

low inflammatory state innate to the control monocytes vs. the diabetic subjects. Therefore, 

dietary calcium-associated reductions in calcitriol alone are not necessary and sufficient to 

drive anti-inflammatory and anti-obesity properties of dairy products.

Leucine, Silent Information Regulator Transcript 1 (SIRT1), and Mitochondrial Function

Insulin resistance and T2D are characterized by sub-optimal in situ mitochondrial function 

in muscle and perhaps other metabolically important tissues such as liver. Evidence for this 

includes increased tissue and blood indices of mismatched fatty acid fuel delivery relative to 

mitochondrial oxidative capacity (e.g., [28, 29]), metabolic flux measurements suggestive of 

lower muscle TCA cycle capacity [30–32], and decreased metabolic flexibility (switching 

between fat and carbohydrate oxidation) [33]. The etiologies of these phenotypes are not 

established, but might include TCA cycle anaplerotic/cataplerotic imbalance [29, 34] and/or 

reduced tissue mitochondrial capacity [35], which together or in combination would 

promote incomplete fuel catabolism and accumulation of metabolites that promote 

inflammation or insulin resistance outcomes [36]. Recent evidence points to the possibility 

that dairy protein-derived components such as leucine may counter mitochondrial 

dysfunction. It has been suggested that anti-obesity properties and improvements in 

metabolic sequelae may be derived from the whey protein fraction [37], a rich source of 

leucine. Leucine promoted fat oxidation in cultured myotubes [38] and increased 

mitochondrial mass in myotubes, adipocytes, and hepatocytes [39, 40]. Leucine has been 

reported to increase expression/activity of SIRT1, an NAD+-sensitive protein deacetylase 

implicated in activating fat oxidation, mitochondrial biogenesis, improving insulin 

sensitivity and reducing oxidative stress [39–41]. This activation led to increases in 

downstream metabolic gene targets such as peroxisome-proliferator activated receptor 

gamma coactivator-1α (PGC-1α) [39–41]. Strikingly, effects were generally replicated in 

cells treated with serum from human subjects who had consumed 3 daily whey protein-

based smoothies for 28 days, an effect not seen with serum from soy protein-based diets 

[41]. Leucine is also an activator of mammalian target of cellular rapamycin (mTOR), a 

nutrient-sensitive factor that affects mitochondrial biogenesis and function in part through 

modifying yin-yang 1 (YY1) interactions with PGC-1α [42]. It is notable that in mouse DIO 

models, leucine, whey protein isolate, or a NFDM-based diet matrix reduced feed efficiency 

and/or increases energy expenditure [23, 24, 43–45], suggestive of changes in mitochondrial 

activity and activation of thermogenic systems. Thus, it is plausible that dairy protein 

contributes to metabolic health outcomes through mitochondrial changes involving leucine-

associated SIRT1 and/or mTOR activation in muscle and other tissues. This concept requires 

clinical experimental evaluation of mitochondria in situ with concurrent assessments of 

insulin action and oxidative stress indices.
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Trans-palmitoleate (tC16:1n-7)

Full-fat dairy may contain bioactive lipids that regulate metabolic and inflammatory 

pathways, and tC16:1n-7 (derived from rumen bacteria and relatively high in ruminant-

derived foods) has been proposed as a candidate. This idea emerged from large 

epidemiological cohorts indicating that higher circulating concentrations of tC16:1n-7 are 

consistently associated with significantly reduced risk for development of T2D [46, 47]. 

While blood tC16:1n-7 levels may simply be marking dietary tC16:1n-7 intake (e.g., [48]), 

the possibility that tC16:1n-7 has protective effects on dysfunctional metabolism has been 

proposed [46, 47], based on the observation that administration of the cis-isomer cC16:1n-7 

(an endogenously-produced stearoyl-CoA desaturase-1 product) can promote insulin 

sensitivity in cultured rat myotubes and in rodents in vivo [49, 50]. The notion that dairy-

derived tC16:1n-7 plays a similar role is worth consideration; however, there are a variety of 

observations that temper this perspective. First, tC16:1n-7 is also rich in beef [48] and yet in 

contrast to dairy, epidemiologic studies do not support a protective role for red meat 

consumption and incident diabetes (e.g., [51]), with the caveat that any putative tC16:1n-7 

positive metabolic effects may be impacted by factors present in red meat and not dairy 

products. Second, from a biochemical standpoint it is not certain that tC16:1n-7 and 

cC16:1n-7 isomers would behave similarly in the body. Third, although administration of 

cC16:1n-7 promotes insulin action and glucose homeostasis in rodents, and in some human 

studies higher blood concentrations correspond to insulin sensitivity [52, 53], the latter 

observation is far from uniform ([54] and references therein). Furthermore, plasma 

cC16:1n-7 was found to be 2.8-fold higher in T2D women compared to weight- and age-

matched obese counterparts despite obvious insulin resistance in the former [55]. Thus, the 

evidence remains equivocal on the role for dairy-derived tC16:1n-7 in protecting against 

transition into the pre-diabetic or T2D state.

Dairy Effects on Gut and Liver

Little is known about the impact of dairy on liver health, and in particular the steatosis that 

often accompanies the dysmetabolic obesity of metabolic syndrome or T2D. Accumulation 

of liver fat is associated with insulin resistance and inordinately high hepatic glucose output, 

and can progress to non-alcoholic hepatosteatosis or non-alcoholic fatty liver disease. In two 

studies in which DIO mice were fed a 45% fat diet with a dairy matrix (NFDM protein and 

lactose carbohydrate), liver fat was dramatically reduced compared to DIO mice fed a soy 

protein and sucrose-based diet; this effect appeared to be independent of weight [23, 24]. 

Fermented dairy products had a similar effect in db/db mice [56]. It remains to be seen if 

these results translate to the human condition, and the mechanisms underlying the dairy 

effects are not known. Based on initial observations that a NFDM-based diet significantly 

alters gut microbial populations in DIO mice [57], a strong possibility is that dairy 

components (e.g., oligosaccharides: [58, 59]) alter the microbiome. This could change host-

gut microbe signals that impact host metabolism, as originally speculated by the Cani group 

[56].
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Calcitonin Gene-Related Peptide (CGRP)

An intriguing yet understudied possibility is that dairy Ca in part modifies inflammation and 

blood pressure via changes in local or systemic actions of the hormone CGRP. In addition to 

conveying signals in an afferent manner away from peripheral tissues (pain, temperature, 

proprioception, noxious chemical signals), some peripheral neurons act in an efferent 

fashion to secrete CGRP, which can impinge upon inflammation and hemodynamics (see 

[60, 61]). CGRP expression by spinal cord neurons is up-regulated by dietary Ca in the rat 

[62] and expression is reduced by calcitriol treatment of C-cells or thyroid cells in culture 

[63–65]. This calcium- and inflammation-regulated peptide appears to have important 

immunomodulatory actions by 1) tempering inflammation through NFkB inhibition and 2) 

increasing endothelial production of PGI2, a prostaglandin with anti-inflammatory activities 

[61]. Interestingly, CGRP is expressed in rodent and human white adipose tissue (WAT), 

where Linscheid et al. showed it can be induced by pro-inflammatory insults (e.g., [66, 67]). 

The peptide is also a powerful vasodilator, and CGRP has been proposed to contribute to the 

beneficial effects of dietary calcium/dairy in thwarting hypertension [68, 69]. The 

importance of CGRP in dairy-associated metabolic, inflammation, and blood pressure 

effects remains to be confirmed, however. For instance, CGRP mRNA in a mouse DIO 

model was not changed by dietary Ca in WAT [23] or in nodose ganglia containing 

peripheral neuron cell bodies from the same mice (T.N. Dunn, S.H. Adams, unpublished 

data) despite reduced plasma calcitriol.

Considerations for Future Trials of Dairy Consumption and T2D Risk

Although the available evidence from observational data and laboratory studies suggest a 

consistent inverse association between dairy intake and T2D risk or metabolic dysfunction 

with several biologically plausible explanations, additional supporting evidence from 

randomized controlled trials is needed. This will inform dietary recommendations with 

respect to dose and types of dairy foods (full-, low-, or no-fat foods and beverages, 

fermented and non-fermented products, and cheeses) to optimize metabolic health. Pre-

clinical and clinical mechanistic studies are needed to test hypotheses regarding the potential 

roles of dairy products and their components such as minerals, vitamin D, proteins, and 

peptides liberated during digestion, on the determinants of glucose tolerance in both healthy 

individuals and those with risk factors for T2D development (e.g., prediabetes, obesity, 

insulin resistance, metabolic syndrome). Nutrients including calcium, magnesium, 

potassium, vitamin D, and protein/peptides unquestionably have important potential roles in 

the physiological effects of dairy. However, results from studies investigating their 

relationships with diabetes risk or metabolic phenotypes have been inconsistent [12, 70–72]. 

In addition to the direct effects of dairy products, consideration should be given to 

displacement effects, as individuals who consume more dairy foods/beverages will typically 

consume less of other foods that might also impact diabetes risk (e.g., sugar-sweetened 

beverages).

A framework that may be helpful to furthering our understanding of the role of dairy foods 

in T2D was provided by DeFronzo in his 2009 Banting Lecture [73]. He reviewed the 

evolution of the understanding of the metabolic defects associated with T2D and suggested 
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expanding the traditional triumvirate of defects in skeletal muscle (insulin resistance), liver 

(insulin resistance and excessive hepatic glucose output) and pancreatic beta-cells 

(insufficient glucose-stimulated insulin secretion) to include five additional contributions, 

terming the metabolic defects associated with diabetes the “Ominous Octet” [73] (Table 1). 

Investigation into the influences of dairy foods and their components on this octet of 

metabolic defects is in very early stages at present. Below are some suggestions for 

investigation within the framework of DeFronzo’s “Ominous Octet.”

The Influences of Dairy Products and Dairy Components on Insulin Resistance and 
Pancreatic Beta-Cell Function

Fundamentally, hyperglycemia results when the pancreatic beta-cells are unable to produce a 

sufficient quantity of insulin to maintain normal glucose uptake. In some cases this is 

thought to result from insulin resistance, requiring compensatory hyperinsulinemia, and 

eventually leading to pancreatic beta-cell “exhaustion.” An alternate perspective is that 

hyperinsulinemia begets or contributes to peripheral insulin resistance (reviewed in [74]).

Regardless, because pancreatic beta-cell response is tied to the level of insulin sensitivity/

resistance through a negative feedback loop (greater insulin resistance necessitates a larger 

insulin response to maintain normoglycemia), beta-cell function can only be assessed in 

conjunction with insulin sensitivity. It has been hypothesized that dairy proteins, in 

particular whey, may impart glucose-regulating properties through triggering gut hormones 

and incretins that regulate insulin release and gut motility (reviewed in [75]). Limited 

evidence suggests that insulin sensitivity can be improved in subjects consuming higher 

dairy compared to lower dairy diets [76, 77]. In one study [77], 40 overweight or obese 

adults with metabolic syndrome were randomly assigned to receive adequate or low dairy 

diets for 12 weeks. Significant improvements were observed in the adequate dairy arm, 

relative to the low dairy arm, in fasting insulin and homeostasis model assessment of insulin 

resistance (HOMA-IR). These changes were accompanied by reductions in several markers 

of inflammation and oxidative stress, as well as a statistically significant 55% increase from 

baseline in adiponectin, a hormone secreted by adipose tissue. Blood levels of adiponectin 

have been inversely associated with insulin resistance, metabolic syndrome and risk for 

developing T2D, suggesting a possible mechanistic link between dairy consumption and 

improved insulin sensitivity mediated by enhanced adiponectin secretion [78, 79]. However, 

results from other studies evaluating the influence of dairy intake on adiponectin levels have 

shown mixed results, one supportive of an increase [80] and another showing no effect [17]. 

The latter controlled feeding trial indicated no effect of adequate dairy intake on HOMA-IR, 

glucose or insulin in previously low-dairy consumers. Considering these mixed outcomes, 

additional intervention studies are needed to fully assess the impacts of dairy consumption 

on insulin sensitivity and beta-cell function, as well as the association of these phenotypes 

with changes in metabolically relevant adipocyte-derived hormones such as adiponectin.

A review of the methods available for assessing whole body, as well as peripheral (mainly 

skeletal muscle and adipose tissue) and hepatic insulin resistance, and pancreatic beta-cell 

function is beyond the scope of this review, and the interested reader is referred to papers by 

Muniyappa et al. [81] and Borai et al. [82]. An important consideration for such clinical 
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investigations is the comparison condition, e.g. to evaluate the effects of greater dairy food 

consumption in place of other products with similar macronutrient composition (e.g., yogurt 

compared with eggs), as well as other alternatives that consumers might choose (e.g., fluid 

milk compared with sugar-sweetened beverages).

The Influences of Dairy Products and Dairy Components on Functions of the 
Gastrointestinal Tract that Influence Glucose Homeostasis

In recent years, knowledge of the influences of the gastrointestinal tract on glucose 

homeostasis has progressed substantially. The incretin hormones glucagon-like peptide-1 

(GLP-1) and gastric inhibitory polypeptide (GIP) play important roles in maintaining 

glucose homeostasis, in part by enhancing pancreatic beta-cell responsiveness to glucose 

[83, 84]. As much as 25% of the postprandial insulin response has been suggested to be 

attributable to the effects of incretins. Individuals with T2D have lower than normal 

postprandial GLP-1 concentrations, and have resistance to the effects of GIP. GLP-1 

deficiency, in particular, has become a target for therapy, with availability of drugs that act as 

GLP-1 analogues or that reduce GLP-1 degradation by inhibiting the enzyme 

dipeptidylpeptidase-4 [85]. Various lines of evidence indicate that GLP-1 production by 

small intestinal and colonic L-cells is influenced by specific nutrients, and may respond to 

foods that provide substrate for certain species of colonic microbiota [86]. In particular, 

prebiotic fibers and resistant starches have been shown to alter gut microbiota, and such 

changes have been associated with improvements in whole body insulin sensitivity and 

higher postprandial blood concentration of GLP-1 [87–89]. Some dairy products have the 

potential to alter gut microbiota through probiotic effects of live cultures used during 

fermentation, and others may do so through the prebiotic effects of dairy oligosaccharides 

[59, 90]. Thus, the influences of consuming dairy foods and dairy food components on gut 

microbiota, and potential links to incretin and other signaling responses warrant 

investigation [91].

Effects on Pancreatic Alpha-cell, Adipose Tissue, and Central Nervous System (CNS) 
Function as it Relates to Glucose Homeostasis

As Defronzo [73] described, one of the metabolic defects of T2D is excessive release of 

glucagon by pancreatic alpha-cells. The secretion of glucagon in response to protein in 

patients with diabetes is often increased [92, 93]. It is unknown at present whether the 

protein type/amino acid composition of dairy products, or other dairy components, might 

differentially affect pancreatic alpha-cell activity. The CNS is intimately involved with 

regulation of peripheral glucose homeostasis (e.g., hepatic glucose output) and endocrine 

pancreas function [94–96], and amino acids have been demonstrated to elicit signals in the 

hypothalamus [97]. Effects of acute or chronic dairy food consumption on CNS function 

remain largely unexplored, but should be considered as a potential route by which glucose 

homeostasis, liver and pancreatic functions are influenced by dietary alterations.

With regard to effects on body composition, inclusion of dairy products in calorie-restricted 

diets has been shown, in some studies, to improve body weight, waist circumference and fat 

mass, while preserving lean mass [98–102]. Such outcomes would promote insulin 

sensitivity and reduce T2D risk. However, these findings have not been confirmed over the 

Hirahatake et al. Page 9

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



long term by meta-analysis [101], and in a recent controlled-feeding weight loss trial in 

obese individuals, a mixed dairy- and Ca-rich diet did not produce additional fat loss or 

differentially alter fasting insulin sensitivity indices compared to a control diet [17]. It is not 

clear if controlled and matched calorie restriction per se masked beneficial effects of dairy 

on cardiometabolic indices or satiety in that experiment. For instance, some of the metabolic 

benefits of dairy food consumption may be due to variations in ad libitum energy intake, 

since body weight effects of calcium and vitamin D supplementation were attributable to 

variations in lipid and energy intake [103], and milk supplementation facilitates appetite 

control in the context of weight loss [104]. Additional studies that explore metabolic 

outcomes under weight maintenance or free-living conditions will be worthwhile to further 

explore these questions.

The protein component of dairy may also indirectly enhance body weight regulation and 

lean mass changes through enhanced satiety and promotion of skeletal muscle growth via 

anabolic dairy protein-derived branched-chain amino acids [13, 102]. In healthy individuals, 

muscle protein synthesis has been shown to increase after intense resistance exercise 

following ingestion of dairy proteins [105], and whey protein in particular appears to 

mediate these effects [75, 106]. Whether similar post-exercise skeletal muscle synthesis is as 

responsive to dairy protein in individuals with insulin resistance and T2D has not been fully 

elucidated [102]. Clinical trials examining the effects of dairy protein for muscle 

conservation and function in individuals with prediabetes and T2D are needed.

Biomarkers for Intake and Activities of Dairy Foods and Their Relationships to T2D Risk

Studies of dairy product intake and the risk of several chronic metabolic diseases, including 

not only T2D, but also metabolic syndrome, cardiovascular disease and hypertension have 

yielded inconsistent results. The use of biomarkers as a reflection of dairy food intake could 

improve the assessment of these relationships. Potential dairy fat intake biomarkers include 

14:0 (myristic acid), 15:0 (pentadecanoic acid), 17:0 (margaric acid) and t16:1n-7 in plasma, 

plasma phospholipids, or red blood cell membranes. A limitation of these biomarkers is that 

they would not reflect intake of fat-free dairy products. Nevertheless, circulating levels or 

proportions of 15:0, 17:0 and t16:1n-7 have been associated with a more favorable T2D risk 

factor profile and with lower risk for T2D development [46, 47, 49, 50, 52, 53, 107]. 

However, results from several lines of evidence suggest that chronic high-level exposure of 

pancreatic-beta cells to some long-chain saturated fatty acids, especially palmitic acid 

(16:0), is detrimental to their function, and enhances apoptosis, which, by decreasing beta-

cell mass, would potentially increase the risk for T2D [108]. Accordingly, epidemiological, 

pre-clinical and clinical studies are needed to more clearly define the dose-response 

relationship between dairy fat intakes and changes in levels of these lipid biomarkers, as 

well as the relationships between changes in these biomarkers to indices of glucose and 

insulin homeostasis and T2D risk.

Metabolomics, i.e., comprehensive metabolite analysis, lends itself to the search for new 

dairy intake and function biomarkers and novel metabolite signatures that may be used to 

characterize insulin resistance and T2D risk [109, 110]. In metabolomics investigations of 

the association between serum metabolites and insulin resistance or risk of T2D, alterations 

Hirahatake et al. Page 10

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in sugar metabolites, select amino acids, and choline-containing phospholipids were 

identified (e.g., [110, 111]). These results suggest the important role that metabolomics play 

in the future of diabetes research and indicate potential markers that may prove useful in the 

evaluation of the influence of dairy product consumption on T2D risk and metabolic actions 

in clinical and epidemiological studies.

Summary & Future Directions

Consistent observational results support that consumption of dairy products is linked to 

lower T2D and metabolic disease risk in the population. Mechanisms for the protective 

properties of dairy consumption remain to be fully elaborated in pre-clinical and clinical 

studies, but may involve chronic or acute postprandial activities of dairy-derived lipids, 

amino acids, and/or minerals, and could involve changes in the gut microbiome and/or 

hormonal cues. The strength of the relationship between intake of dairy products and 

protection against T2D supports the position of dairy products in dietary guidance.

Acknowledgments

The impetus for this review paper was a roundtable on dairy consumption and diabetes held in late 2012 (DRI 
Diabetes Summit, Chicago, IL), which included the following panelists: Judith Wylie-Rosett (Albert Einstein 
College of Medicine), Caroline Apovian (Boston University School of Medicine), Angelo Tremblay (Laval 
University), Kevin C. Maki (Provident/Biofortis), Sean H. Adams (USDA-ARS Western Human Nutrition Research 
Center), Mark A. Pereira (University of Minnesota), Joanne Slavin (University of Minnesota), Susan I. Barr (The 
University of British Columbia), David Klurfield (USDA-ARS), Victor Fulgoni III (Nutrition Impact), Lynn L. 
Moore (Boston University), and Robert Heaney (Creighton University).

Financial Disclosure: Authors acknowledge support from USDA-ARS intramural Project 5306-51530-019-00 
(SHA), NIH-NIDDK R01DK078328 (SHA), and research grants from the Dairy Research Institute (SHA). USDA 
is an equal opportunity provider and employer. KCM has received research grant support as well as honoraria for 
speaking at events sponsored by Dairy Research Institute.

List of abbreviations used

T2D type 2 diabetes

SIRT1 silent information regulator transcript 1

CGRP calcitonin gene-related peptide

CDC Centers for Disease Control and Prevention

DGA Dietary Guidelines for Americans

RR risk ratio

CI confidence interval

NFDM nonfat dry milk

DIO diet induced obesity

PCG-1α peroxisome-proliferator activated receptor gamma coactivator-1α

mTOR mammalian target of cellular rapamycin

Hirahatake et al. Page 11

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



YY1 yin yang 1

WAT white adipose tissue

References

1. Prevention CFDCa. National diabetes fact sheet: National estimates and general information on 
diabetes and prediabetes in the united states, 2011. US Department of Health and Human Services. 
2011

2. Ervin RB. Prevalence of metabolic syndrome among adults 20 years of age and over, by sex, age, 
race and ethnicity, and body mass index: United states, 2003–2006. Natl Health Stat Report. 2009; 
(13):1–7.

3. Economic costs of diabetes in the u.S. In 2012. Diabetes Care. 2013; 36(4):1033–46. [PubMed: 
23468086] 

4. Ogden CL, Carroll MD, Kit BK, et al. Prevalence of obesity and trends in body mass index among 
us children and adolescents, 1999–2010. JAMA. 2012; 307(5):483–90. [PubMed: 22253364] 

5. Alberti KG, Zimmet P, Shaw J. Metabolic syndrome–a new world-wide definition. A consensus 
statement from the international diabetes federation. Diabet Med. 2006; 23(5):469–80. [PubMed: 
16681555] 

6. D’Adamo E, Caprio S. Type 2 diabetes in youth: Epidemiology and pathophysiology. Diabetes Care. 
2011; 34(Suppl 2):S161–5. [PubMed: 21525449] 

7. Speiser PW, Rudolf MC, Anhalt H, et al. Childhood obesity. J Clin Endocrinol Metab. 2005; 90(3):
1871–87. [PubMed: 15598688] 

8. Rosenbloom AL, Silverstein JH, Amemiya S, et al. Type 2 diabetes in children and adolescents. 
Pediatr Diabetes. 2009; 10(Suppl 12):17–32. [PubMed: 19754615] 

9. McGuire S. U.S. Department of agriculture and u.S. Department of health and human services, 
dietary guidelines for americans, 2010. 7th edition, washington, dc: U.S. Government printing 
office, january 2011. Adv Nutr. 2011; 2(3):293–4. [PubMed: 22332062] 

10. U.S. Department of Agriculture ARS. , editor. Committee DGA. Report of the dietary guidelines 
advisory committee on the dietary guidelines for americans, 2010, to the secretary of agriculture 
and the secretary of health and human services. Washington, DC: 2010. 

11. Elwood PC, Givens DI, Beswick AD, et al. The survival advantage of milk and dairy consumption: 
An overview of evidence from cohort studies of vascular diseases, diabetes and cancer. J Am Coll 
Nutr. 2008; 27(6):723S–34S. [PubMed: 19155432] 

12. Tong X, Dong JY, Wu ZW, et al. Dairy consumption and risk of type 2 diabetes mellitus: A meta-
analysis of cohort studies. Eur J Clin Nutr. 2011; 65(9):1027–31. [PubMed: 21559046] 

13. Kalergis M, Leung Yinko SS, Nedelcu R. Dairy products and prevention of type 2 diabetes: 
Implications for research and practice. Front Endocrinol (Lausanne). 2013; 4:90. [PubMed: 
23888154] 

14. Rice BH, Quann EE, Miller GD. Meeting and exceeding dairy recommendations: Effects of dairy 
consumption on nutrient intakes and risk of chronic disease. Nutr Rev. 2013; 71(4):209–23. 
[PubMed: 23550782] 

15. Aune D, Norat T, Romundstad P, et al. Dairy products and the risk of type 2 diabetes: A systematic 
review and dose-response meta-analysis of cohort studies. Am J Clin Nutr. 2013

16. Gao D, Ning N, Wang C, et al. Dairy products consumption and risk of type 2 diabetes: Systematic 
review and dose-response meta-analysis. PLoS One. 2013; 8(9):e73965. [PubMed: 24086304] 

17. Van Loan MD, Keim NL, Adams SH, et al. Dairy foods in a moderate energy restricted diet do not 
enhance central fat, weight, and intra-abdominal adipose tissue losses nor reduce adipocyte size or 
inflammatory markers in overweight and obese adults: A controlled feeding study. J Obes. 2011; 
2011:989657. [PubMed: 21941636] 

18. Zemel MB. Role of dietary calcium and dairy products in modulating adiposity. Lipids. 2003; 
38(2):139–46. [PubMed: 12733746] 

Hirahatake et al. Page 12

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Zemel MB. Mechanisms of dairy modulation of adiposity. J Nutr. 2003; 133(1):252S–6S. 
[PubMed: 12514303] 

20. Sun X, Zemel MB. Calcitriol and calcium regulate cytokine production and adipocyte-macrophage 
cross-talk. J Nutr Biochem. 2008; 19(6):392–9. [PubMed: 17869082] 

21. Sun X, Zemel MB. Dietary calcium regulates ros production in ap2-agouti transgenic mice on 
high-fat/high-sucrose diets. Int J Obes (Lond). 2006; 30(9):1341–6. [PubMed: 16520808] 

22. Bastie CC, Gaffney-Stomberg E, Lee TW, et al. Dietary cholecalciferol and calcium levels in a 
western-style defined rodent diet alter energy metabolism and inflammatory responses in mice. J 
Nutr. 2012; 142(5):859–65. [PubMed: 22437564] 

23. Thomas AP, Dunn TN, Drayton JB, et al. A high calcium diet containing nonfat dry milk reduces 
weight gain and associated adipose tissue inflammation in diet-induced obese mice when 
compared to high calcium alone. Nutr Metab (Lond). 2012; 9(1):3. [PubMed: 22269778] 

24. Thomas AP, Dunn TN, Drayton JB, et al. A dairy-based high calcium diet improves glucose 
homeostasis and reduces steatosis in the context of preexisting obesity. Obesity (Silver Spring). 
2013; 21(3):E229–35. [PubMed: 23404741] 

25. Pilvi TK, Korpela R, Huttunen M, et al. High-calcium diet with whey protein attenuates body-
weight gain in high-fat-fed c57bl/6j mice. Br J Nutr. 2007; 98(5):900–7. [PubMed: 17692148] 

26. Eller LK, Reimer RA. A high calcium, skim milk powder diet results in a lower fat mass in male, 
energy-restricted, obese rats more than a low calcium, casein, or soy protein diet. J Nutr. 2010; 
140(7):1234–41. [PubMed: 20463146] 

27. Giulietti A, van Etten E, Overbergh L, et al. Monocytes from type 2 diabetic patients have a pro-
inflammatory profile. 1,25-dihydroxyvitamin d(3) works as anti-inflammatory. Diabetes Res Clin 
Pract. 2007; 77(1):47–57. [PubMed: 17112620] 

28. Koves TR, Ussher JR, Noland RC, et al. Mitochondrial overload and incomplete fatty acid 
oxidation contribute to skeletal muscle insulin resistance. Cell Metab. 2008; 7(1):45–56. [PubMed: 
18177724] 

29. Adams SH, Hoppel CL, Lok KH, et al. Plasma acylcarnitine profiles suggest incomplete long-
chain fatty acid beta-oxidation and altered tricarboxylic acid cycle activity in type 2 diabetic 
african-american women. J Nutr. 2009; 139(6):1073–81. [PubMed: 19369366] 

30. Befroy DE, Petersen KF, Dufour S, et al. Impaired mitochondrial substrate oxidation in muscle of 
insulin-resistant offspring of type 2 diabetic patients. Diabetes. 2007; 56(5):1376–81. [PubMed: 
17287462] 

31. Petersen KF, Dufour S, Befroy D, et al. Impaired mitochondrial activity in the insulin-resistant 
offspring of patients with type 2 diabetes. N Engl J Med. 2004; 350(7):664–71. [PubMed: 
14960743] 

32. Blaak EE, Wagenmakers AJ. The fate of. Diabetes. 2002; 51(3):784–9. [PubMed: 11872680] 

33. Kelley DE. Skeletal muscle fat oxidation: Timing and flexibility are everything. J Clin Invest. 
2005; 115(7):1699–702. [PubMed: 16007246] 

34. Fiehn O, Garvey WT, Newman JW, et al. Plasma metabolomic profiles reflective of glucose 
homeostasis in non-diabetic and type 2 diabetic obese african-american women. PLoS One. 2010; 
5(12):e15234. [PubMed: 21170321] 

35. Toledo FG, Goodpaster BH. The role of weight loss and exercise in correcting skeletal muscle 
mitochondrial abnormalities in obesity, diabetes and aging. Mol Cell Endocrinol. 2013

36. Muoio DM. Intramuscular triacylglycerol and insulin resistance: Guilty as charged or wrongly 
accused? Biochim Biophys Acta. 2010; 1801(3):281–8. [PubMed: 19958841] 

37. Zemel MB, Zhao F. role of whey protein and whey components in weight management and energy 
metahilism. Wei Sheng Yan Jiu. 2009; 38(1):114–7. [PubMed: 19267090] 

38. Sun X, Zemel MB. Leucine and calcium regulate fat metabolism and energy partitioning in murine 
adipocytes and muscle cells. Lipids. 2007; 42(4):297–305. [PubMed: 17406924] 

39. Sun X, Zemel MB. Leucine modulation of mitochondrial mass and oxygen consumption in skeletal 
muscle cells and adipocytes. Nutr Metab (Lond). 2009; 6:26. [PubMed: 19500359] 

40. Li H, Xu M, Lee J, et al. Leucine supplementation increases sirt1 expression and prevents 
mitochondrial dysfunction and metabolic disorders in high-fat diet-induced obese mice. Am J 
Physiol Endocrinol Metab. 2012; 303(10):E1234–44. [PubMed: 22967499] 

Hirahatake et al. Page 13

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Bruckbauer A, Zemel MB. Effects of dairy consumption on sirt1 and mitochondrial biogenesis in 
adipocytes and muscle cells. Nutr Metab (Lond). 2011; 8:91. [PubMed: 22185590] 

42. Cunningham JT, Rodgers JT, Arlow DH, et al. Mtor controls mitochondrial oxidative function 
through a yy1-pgc-1alpha transcriptional complex. Nature. 2007; 450(7170):736–40. [PubMed: 
18046414] 

43. Zhang Y, Guo K, LeBlanc RE, et al. Increasing dietary leucine intake reduces diet-induced obesity 
and improves glucose and cholesterol metabolism in mice via multimechanisms. Diabetes. 2007; 
56(6):1647–54. [PubMed: 17360978] 

44. Shertzer HG, Woods SE, Krishan M, et al. Dietary whey protein lowers the risk for metabolic 
disease in mice fed a high-fat diet. J Nutr. 2011; 141(4):582–7. [PubMed: 21310864] 

45. Parra P, Bruni G, Palou A, et al. Dietary calcium attenuation of body fat gain during high-fat 
feeding in mice. J Nutr Biochem. 2008; 19(2):109–17. [PubMed: 17588736] 

46. Mozaffarian D, Cao H, King IB, et al. Trans-palmitoleic acid, metabolic risk factors, and new-onset 
diabetes in u.S. Adults: A cohort study. Ann Intern Med. 2010; 153(12):790–9. [PubMed: 
21173413] 

47. Mozaffarian D, de Oliveira Otto MC, Lemaitre RN, et al. Trans-palmitoleic acid, other dairy fat 
biomarkers, and incident diabetes: The multi-ethnic study of atherosclerosis (mesa). Am J Clin 
Nutr. 2013; 97(4):854–61. [PubMed: 23407305] 

48. Micha R, King IB, Lemaitre RN, et al. Food sources of individual plasma phospholipid trans fatty 
acid isomers: The cardiovascular health study. Am J Clin Nutr. 2010; 91(4):883–93. [PubMed: 
20219966] 

49. Dimopoulos N, Watson M, Sakamoto K, et al. Differential effects of palmitate and palmitoleate on 
insulin action and glucose utilization in rat l6 skeletal muscle cells. Biochem J. 2006; 399(3):473–
81. [PubMed: 16822230] 

50. Cao H, Gerhold K, Mayers JR, et al. Identification of a lipokine, a lipid hormone linking adipose 
tissue to systemic metabolism. Cell. 2008; 134(6):933–44. [PubMed: 18805087] 

51. Pan A, Sun Q, Bernstein AM, et al. Changes in red meat consumption and subsequent risk of type 
2 diabetes mellitus: Three cohorts of us men and women. JAMA Intern Med. 2013; 173(14):1328–
35. [PubMed: 23779232] 

52. Stefan N, Kantartzis K, Celebi N, et al. Circulating palmitoleate strongly and independently 
predicts insulin sensitivity in humans. Diabetes Care. 2010; 33(2):405–7. [PubMed: 19889804] 

53. Pinnick KE, Neville MJ, Fielding BA, et al. Gluteofemoral adipose tissue plays a major role in 
production of the lipokine palmitoleate in humans. Diabetes. 2012; 61(6):1399–403. [PubMed: 
22492525] 

54. Fabbrini E, Magkos F, Su X, et al. Insulin sensitivity is not associated with palmitoleate availability 
in obese humans. J Lipid Res. 2011; 52(4):808–12. [PubMed: 21266364] 

55. Grapov D, Adams SH, Pedersen TL, et al. Type 2 diabetes associated changes in the plasma non-
esterified fatty acids, oxylipins and endocannabinoids. PLoS One. 2012; 7(11):e48852. [PubMed: 
23144998] 

56. Geurts L, Everard A, le Ruyet P, et al. Ripened dairy products differentially affect hepatic lipid 
content and adipose tissue oxidative stress markers in obese and type 2 diabetic mice. J Agric Food 
Chem. 2012; 60(8):2063–8. [PubMed: 22300436] 

57. Garcia TP, Muller S, Carroll RJ, et al. Structured variable selection with q-values. Biostatistics. 
2013; 14(4):695–707. [PubMed: 23580317] 

58. Casado B, Affolter M, Kussmann M. Omics-rooted studies of milk proteins, oligosaccharides and 
lipids. J Proteomics. 2009; 73(2):196–208. [PubMed: 19793547] 

59. Zivkovic AM, Barile D. Bovine milk as a source of functional oligosaccharides for improving 
human health. Adv Nutr. 2011; 2(3):284–9. [PubMed: 22332060] 

60. Maggi CA. Tachykinins and calcitonin gene-related peptide (cgrp) as co-transmitters released from 
peripheral endings of sensory nerves. Prog Neurobiol. 1995; 45(1):1–98. [PubMed: 7716258] 

61. Okajima K, Harada N. Regulation of inflammatory responses by sensory neurons: Molecular 
mechanism(s) and possible therapeutic applications. Curr Med Chem. 2006; 13(19):2241–51. 
[PubMed: 16918352] 

Hirahatake et al. Page 14

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



62. DiPette DJ, Westlund KN, Holland OB. Dietary calcium modulates spinal cord content of 
calcitonin gene-related peptide in the rat. Neurosci Lett. 1988; 95(1–3):335–40. [PubMed: 
3265772] 

63. Cote GJ, Rogers DG, Huang ES, et al. The effect of 1,25-dihydroxyvitamin d3 treatment on 
calcitonin and calcitonin gene-related peptide mrna levels in cultured human thyroid c-cells. 
Biochem Biophys Res Commun. 1987; 149(1):239–43. [PubMed: 3500723] 

64. Collignon H, Laborie C, Tahri EH, et al. Effects of dexamethasone, calcium and 1,25-
dihydroxycholecalciferol on calcitonin and calcitonin gene-related peptide mrna levels from the 
ca-77 c cell line. Thyroid. 1992; 2(4):361–5. [PubMed: 1493379] 

65. Lamari Y, Garel JM. Decrease in cgrp and ct levels either contained in or released by ca-77 c cells 
after combined treatments with 1,25-dihydroxyvitamin d3 analogues and 9-cis retinoic acid. 
Reprod Nutr Dev. 1997; 37(1):3–12. [PubMed: 9115594] 

66. Linscheid P, Seboek D, Zulewski H, et al. Autocrine/paracrine role of inflammation-mediated 
calcitonin gene-related peptide and adrenomedullin expression in human adipose tissue. 
Endocrinology. 2005; 146(6):2699–708. [PubMed: 15761041] 

67. Linscheid P, Seboek D, Zulewski H, et al. Cytokine-induced metabolic effects in human adipocytes 
are independent of endogenous nitric oxide. Am J Physiol Endocrinol Metab. 2006; 
290(6):E1068–77. [PubMed: 16380391] 

68. Hatton DC, McCarron DA. Dietary calcium and blood pressure in experimental models of 
hypertension. A review. Hypertension. 1994; 23(4):513–30. [PubMed: 8144221] 

69. Wimalawansa SJ, Supowit SC, DiPette DJ. Mechanisms of the antihypertensive effects of dietary 
calcium and role of calcitonin gene related peptide in hypertension. Can J Physiol Pharmacol. 
1995; 73(7):981–5. [PubMed: 8846440] 

70. Pittas AG, Lau J, Hu FB, et al. The role of vitamin d and calcium in type 2 diabetes. A systematic 
review and meta-analysis. J Clin Endocrinol Metab. 2007; 92(6):2017–29. [PubMed: 17389701] 

71. Dong JY, Xun P, He K, et al. Magnesium intake and risk of type 2 diabetes: Meta-analysis of 
prospective cohort studies. Diabetes Care. 2011; 34(9):2116–22. [PubMed: 21868780] 

72. Chatterjee R, Yeh HC, Edelman D, et al. Potassium and risk of type 2 diabetes. Expert Rev 
Endocrinol Metab. 2011; 6(5):665–72. [PubMed: 22025927] 

73. Defronzo RA. Banting lecture. From the triumvirate to the ominous octet: A new paradigm for the 
treatment of type 2 diabetes mellitus. Diabetes. 2009; 58(4):773–95. [PubMed: 19336687] 

74. Corkey BE. Banting lecture 2011: Hyperinsulinemia: Cause or consequence? Diabetes. 2012; 
61(1):4–13. [PubMed: 22187369] 

75. Jakubowicz D, Froy O. Biochemical and metabolic mechanisms by which dietary whey protein 
may combat obesity and type 2 diabetes. J Nutr Biochem. 2013; 24(1):1–5. [PubMed: 22995389] 

76. Rideout TC, Marinangeli CP, Martin H, et al. Consumption of low-fat dairy foods for 6 months 
improves insulin resistance without adversely affecting lipids or bodyweight in healthy adults: A 
randomized free-living cross-over study. Nutr J. 2013; 12:56. [PubMed: 23638799] 

77. Stancliffe RA, Thorpe T, Zemel MB. Dairy attentuates oxidative and inflammatory stress in 
metabolic syndrome. Am J Clin Nutr. 2011; 94(2):422–30. [PubMed: 21715516] 

78. Chandran M, Phillips SA, Ciaraldi T, et al. Adiponectin: More than just another fat cell hormone? 
Diabetes Care. 2003; 26(8):2442–50. [PubMed: 12882876] 

79. Li S, Shin HJ, Ding EL, et al. Adiponectin levels and risk of type 2 diabetes: A systematic review 
and meta-analysis. JAMA. 2009; 302(2):179–88. [PubMed: 19584347] 

80. Zemel MB, Sun X, Sobhani T, et al. Effects of dairy compared with soy on oxidative and 
inflammatory stress in overweight and obese subjects. Am J Clin Nutr. 2010; 91(1):16–22. 
[PubMed: 19889829] 

81. Muniyappa R, Lee S, Chen H, et al. Current approaches for assessing insulin sensitivity and 
resistance in vivo: Advantages, limitations, and appropriate usage. Am J Physiol Endocrinol 
Metab. 2008; 294(1):E15–26. [PubMed: 17957034] 

82. Borai A, Livingstone C, Kaddam I, et al. Selection of the appropriate method for the assessment of 
insulin resistance. BMC Med Res Methodol. 2011; 11:158. [PubMed: 22112229] 

83. Freeman JS. Role of the incretin pathway in the pathogenesis of type 2 diabetes mellitus. Cleve 
Clin J Med. 2009; 76(Suppl 5):S12–9. [PubMed: 19952298] 

Hirahatake et al. Page 15

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



84. Zarrinpar A, Loomba R. Review article: The emerging interplay among the gastrointestinal tract, 
bile acids and incretins in the pathogenesis of diabetes and non-alcoholic fatty liver disease. 
Aliment Pharmacol Ther. 2012; 36(10):909–21. [PubMed: 23057494] 

85. Campbell RK. Clarifying the role of incretin-based therapies in the treatment of type 2 diabetes 
mellitus. Clin Ther. 2011; 33(5):511–27. [PubMed: 21665040] 

86. Tolhurst G, Reimann F, Gribble FM. Nutritional regulation of glucagon-like peptide-1 secretion. J 
Physiol. 2009; 587(Pt 1):27–32. [PubMed: 19001044] 

87. Flint HJ. The impact of nutrition on the human microbiome. Nutr Rev. 2012; 70(Suppl 1):S10–3. 
[PubMed: 22861801] 

88. Kwak JH, Paik JK, Kim HI, et al. Dietary treatment with rice containing resistant starch improves 
markers of endothelial function with reduction of postprandial blood glucose and oxidative stress 
in patients with prediabetes or newly diagnosed type 2 diabetes. Atherosclerosis. 2012; 224(2):
457–64. [PubMed: 22954674] 

89. Robertson MD. Dietary-resistant starch and glucose metabolism. Curr Opin Clin Nutr Metab Care. 
2012; 15(4):362–7. [PubMed: 22510681] 

90. Faye T, Tamburello A, Vegarud GE, et al. Survival of lactic acid bacteria from fermented milks in 
an in vitro digestion model exploiting sequential incubation in human gastric and duodenum juice. 
J Dairy Sci. 2012; 95(2):558–66. [PubMed: 22281320] 

91. Panwar H, Rashmi HM, Batish VK, et al. Probiotics as potential biotherapeutics in the 
management of type 2 diabetes - prospects and perspectives. Diabetes Metab Res Rev. 2013; 
29(2):103–12. [PubMed: 23225499] 

92. Young A. Inhibition of glucagon secretion. Adv Pharmacol. 2005; 52:151–71. [PubMed: 
16492545] 

93. Burcelin R, Knauf C, Cani PD. Pancreatic alpha-cell dysfunction in diabetes. Diabetes Metab. 
2008; 34(Suppl 2):S49–55. [PubMed: 18640586] 

94. Schwartz MW, Woods SC, Porte D Jr, et al. Central nervous system control of food intake. Nature. 
2000; 404(6778):661–71. [PubMed: 10766253] 

95. Obici S, Zhang BB, Karkanias G, et al. Hypothalamic insulin signaling is required for inhibition of 
glucose production. Nat Med. 2002; 8(12):1376–82. [PubMed: 12426561] 

96. Seeley RJ, York DA. Fuel sensing and the central nervous system (cns): Implications for the 
regulation of energy balance and the treatment for obesity. Obes Rev. 2005; 6(3):259–65. 
[PubMed: 16045641] 

97. Su Y, Lam TK, He W, et al. Hypothalamic leucine metabolism regulates liver glucose production. 
Diabetes. 2012; 61(1):85–93. [PubMed: 22187376] 

98. Kratz M, Baars T, Guyenet S. The relationship between high-fat dairy consumption and obesity, 
cardiovascular, and metabolic disease. Eur J Nutr. 2013; 52(1):1–24.

99. Louie JC, Flood VM, Hector DJ, et al. Dairy consumption and overweight and obesity: A 
systematic review of prospective cohort studies. Obes Rev. 2011; 12(7):e582–92. [PubMed: 
21521450] 

100. Abargouei AS, Janghorbani M, Salehi-Marzijarani M, et al. Effect of dairy consumption on 
weight and body composition in adults: A systematic review and meta-analysis of randomized 
controlled clinical trials. Int J Obes (Lond). 2012; 36(12):1485–93. [PubMed: 22249225] 

101. Chen M, Pan A, Malik VS, et al. Effects of dairy intake on body weight and fat: A meta-analysis 
of randomized controlled trials. Am J Clin Nutr. 2012; 96(4):735–47. [PubMed: 22932282] 

102. McGregor RA, Poppitt SD. Milk protein for improved metabolic health: A review of the 
evidence. Nutr Metab (Lond). 2013; 10(1):46. [PubMed: 23822206] 

103. Major GC, Alarie FP, Dore J, et al. Calcium plus vitamin d supplementation and fat mass loss in 
female very low-calcium consumers: Potential link with a calcium-specific appetite control. Br J 
Nutr. 2009; 101(5):659–63. [PubMed: 19263591] 

104. Gilbert JA, Joanisse DR, Chaput JP, et al. Milk supplementation facilitates appetite control in 
obese women during weight loss: A randomised, single-blind, placebo-controlled trial. Br J Nutr. 
2011; 105(1):133–43. [PubMed: 21205360] 

Hirahatake et al. Page 16

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



105. Phillips SM, Tang JE, Moore DR. The role of milk- and soy-based protein in support of muscle 
protein synthesis and muscle protein accretion in young and elderly persons. J Am Coll Nutr. 
2009; 28(4):343–54. [PubMed: 20368372] 

106. Pal S, Radavelli-Bagatini S. The effects of whey protein on cardiometabolic risk factors. Obes 
Rev. 2013; 14(4):324–43. [PubMed: 23167434] 

107. Krachler B, Norberg M, Eriksson JW, et al. Fatty acid profile of the erythrocyte membrane 
preceding development of type 2 diabetes mellitus. Nutr Metab Cardiovasc Dis. 2008; 18(7):503–
10. [PubMed: 18042359] 

108. Wylie-Rosett J. Dairy products and metabolic risk factors: How much do we know? Diabetes 
Care. 2011; 34(4):1064–5. [PubMed: 21447671] 

109. Bain JR, Stevens RD, Wenner BR, et al. Metabolomics applied to diabetes research: Moving from 
information to knowledge. Diabetes. 2009; 58(11):2429–43. [PubMed: 19875619] 

110. Floegel A, Stefan N, Yu Z, et al. Identification of serum metabolites associated with risk of type 2 
diabetes using a targeted metabolomic approach. Diabetes. 2013; 62(2):639–48. [PubMed: 
23043162] 

111. Wang-Sattler R, Yu Z, Herder C, et al. Novel biomarkers for pre-diabetes identified by 
metabolomics. Mol Syst Biol. 2012; 8:615. [PubMed: 23010998] 

Hirahatake et al. Page 17

Metabolism. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hirahatake et al. Page 18

TABLE 1

Metabolic disturbances associated with T2D – evolution from the “Triumvirate” to the “Ominous Octet” [73]

Traditional “Triumvirate” of Metabolic Defects 
in T2D

Additional Metabolic Defects Comprising the “Ominous Octet”

• Skeletal muscle insulin resistance

• Excessive hepatic glucose production

• Insufficient glucose-stimulated 
pancreatic beta-cell insulin secretion

• Excessive release of free fatty acids by adipose tissues

• Incretin deficiency/resistance (glucagon-like peptide-1 [GLP-1] 
deficiency and gastric inhibitory peptide [GIP] resistance)

• Excessive release of glucagon by pancreatic alpha-cells

• Dysregulated central nervous system control of insulin secretion and 
hepatic glucose output

• Increased renal reabsorption of glucose
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