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Parameters: A Review
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Metabolic syndrome (MetS†), characterized by central obesity, dyslipidemias, hypertension,
and hyperglycemia, impacts 34 percent of the U.S. adult population. MetS has been demon-
strated to be affected by dietary components. Data from epidemiological studies and clini-
cal interventions suggest that one or more dairy components might directly affect MetS
parameters. For example, calcium has been postulated to reduce body weight by modulat-
ing vitamin D concentrations in plasma and therefore attenuating intracellular calcium effects
in activating genes involved in fatty acid synthesis and reducing those involved in lipolysis.
Peptides present in milk have been associated with the inhibition of angiotensin converting
enzyme and, therefore, with blood pressure reductions. Branched chain amino acids may
increase post-prandial insulin secretion and regulate plasma glucose levels, and leucine, an
abundant amino acid in milk, may be responsible for decreased plasma glucose through
modulation of mTOR. Through different proposed mechanisms, dairy nutrients may target
all components of MetS.
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intRoDuction

Metabolic syndrome (MetS) is charac-

terized by accumulation of visceral fat, dys-

lipidemias associated with high plasma

triglycerides (TG) and low HDL, hyperten-

sion, and high concentrations of fasting

plasma glucose, as well as low-grade in-

flammation [1]. According to the National

Cholesterol Education Adult Panel III, an in-

dividual has MetS if he/she has three of the

following characteristics: waist circumfer-

ence (WC) > 88 cm for females and > 102

cm for males, TG > 150 mg/dL, HDL < 40

mg/dL for men and < 50 mg/dL for women,

fasting blood glucose > 100 mg/dL, and

blood pressure > 130/85 mm Hg [2]. 

MetS is viewed as a precursor condi-

tion, which increases the risk for more seri-

ous diseases. However, MetS also affects

health prior to the development of chronic

disease. During a current health risk assess-

ment of 5,012 U.S. employees, subjects with

MetS were 31 percent more likely to have

>3 sick days/year compared to those with-

out MetS (p < 0.0001) [3]. MetS increases

the risk of developing non-alcoholic steato-

hepatitis [4], cardiovascular disease (CVD)

[5], and type 2 diabetes mellitus (T2DM)

[6], chronic diseases that are already highly

prevalent. According to a recent meta-analy-

sis of 16 cohort studies, the relative risk for

developing diabetes in the presence of MetS

ranged from 3.53 to 5.17 (95% CI 3.99-

6.69), depending on how MetS was defined

[7]. Thus, early identification and treatment

of MetS could potentially lessen both CVD

and T2DM disease incidence and improve

health outcomes. To this end, MetS was de-

fined to serve as a clinical tool for the iden-

tification of high risk populations [8], as

focusing attention on the clinical causes of

CVD allows opportunity for prevention

while the condition is still in a precursor

state [9]. It has therefore become a necessity

to control MetS by lifestyle changes before

it progresses to T2D or CVD. 

Dietary interventions that promote

lifestyle changes, weight loss, and improve-

ments in dyslipidemias and blood pressure

can be used as an appropriate alternative to

reduce MetS. These dietary changes include

carbohydrate-restricted diets (CRD) [10],

the Mediterranean diet [11], low fat diets

[12], eggs as part of a low carbohydrate diet

[13], and others [14]. For example, CRD

have been shown to efficiently target all pa-

rameters of MetS [15]. CRD decrease

plasma TG, increase HDL-C, lower blood

pressure, reduce plasma glucose, and are

very effective in reducing visceral obesity

[16]. The Mediterranean diet promotes in-

corporation of healthy fatty acids and phy-

tonutrient rich foods that are beneficial both

under weight loss and weight stable condi-

tions [17]. Eggs as part of a carbohydrate-

restricted diet have shown to increase HDL

cholesterol and reduce inflammation [13]

and insulin resistance in individuals with

MetS [18]. Other nutrients that have been

identified to reduce MetS are dietary fiber,

probiotics, low fat diets, and dairy [14]. In

this review, the effects of dairy and dairy

components on the parameters of MetS as a

dietary approach are discussed.

Milk coMPonEntS

The composition of milk is approxi-

mately 89 percent water, 3.5 percent protein,

4.6 percent carbohydrate, and 3.3 percent

lipid [19]. Milk protein consists of casein

(80 percent) and whey (20 percent), both of

which contain anti-hypertensive peptides

[20]. The amino acid profile in milk contains

all indispensable amino acids, with a high

biological value. The main fatty acids (FA)

are palmitic (28 percent), oleic (27 percent),

stearic (13 percent), and myristic (11 per-

cent). Approximately 10 percent of the FA

are short and medium chain, characterized

by being directly absorbed into the portal

vein and becoming oxidized, rather than in-

corporated into triglycerides for storage

[21]. Thus, these FA are associated with

weight loss [22].

The 2010 Dietary Guidelines for Amer-

icans suggest a daily intake of three servings

of low-fat milk or milk products per day for

most Americans [23]; however, according to

National Health and Nutrition Examination

Survey (NHANES) 1999-2000, only ~30
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percent of adults (aged 19 to 50) and 10 per-

cent of older adults (>50 y) meet these rec-

ommendations [24]. More recent data

indicate that even with supplementation, cal-

cium density, quantified by mg calcium per

energy intake, is still insufficient and the av-

erage American only consumes ~ 70 percent

of calcium recommendations [25]. Thus, in-

creasing intake of calcium dense food is nec-

essary.  

Dairy products provide ~ 50 percent of

vitamin D and nearly half the dietary intake

of calcium [26]. Based on the benefits of

dairy product consumption found in obser-

vational and prospective longitudinal stud-

ies and randomized control trials (RCT), an

estimate of disease burden reduction was

calculated to be in the range of $26 billion in

the United States if adults consumed three

to four servings of dairy per day [27].

DAiRy AnD MEtAbolic SynDRoME

Several cohort studies have examined

the association between dairy consumption

and MetS. The CARDIA study [28] reported

that compared to < 10 servings dairy/week,

consuming ≥ 35 servings/week decreased

the odds for developing MetS by 72 percent.

Dietary patterns in a U.S. cohort of ~16,000

adults (aged 45-64) in the Atherosclerosis

Risk in Communities Study, showed an in-

verse association between MetS and dairy

consumption, where those consuming the

highest quintile of dairy had a 13 percent de-

creased risk of developing MetS as com-

pared to the lowest quintile [28]. Similarly,

the DESIRE study [29] reported that con-

sumption of >2 servings of dairy prod-

ucts/day decreased the odds for developing

MetS by 11 percent compared to no dairy in-

take, while the Caerphilly study [30] found

inverse associations between milk con-

sumption and total dairy and MetS risk.

Tremblay et al. [31], in a systematic review

of observational studies, reported that three

to four servings of dairy decreased the risk

of developing MetS by 29 percent compared

to consuming < 2 servings/day. Data from

the British Women’s Heart and Health study

found that abstaining from milk reduced the

odds for developing MetS by 45 percent

[32], while Snijger et al. [33] found that

dairy intake was associated with lower dias-

tolic blood pressure but not with any other

parameter of MetS. Beyoun et al. [34] found

no association between milk and MetS, but

a positive association between cheese intake

and MetS and a protective effect of yogurt.

A very recent study that evaluated the effects

of dairy consumption on MetS in more than

7,000 middle-aged Koreans concluded that

daily intake of dairy products protected

against MetS mainly by an association with

decreased central obesity [35]. In summary,

the majority of observational data suggest

dairy consumption may protect against

MetS; however, these inconsistencies high-

light the importance of RCT investigating

the effect of dairy on MetS.

RAnDoMizED clinicAl tRiAlS
AnD DAiRy

Increased dairy consumption (≥3 serv-

ings compared to ≤ 1 diary serving/day) has

been reported to reduce WC [36,37], hyper-

tension [34,38], and inflammatory com-

pounds [39] in weight stable overweight or

obese subjects. Some studies reported de-

creased serum insulin [34,38] and improved

insulin resistance [38] with dairy intake.

However, dairy’s role in MetS is unclear as

these effects are not confirmed in other stud-

ies. For example, Van Loan et al. found no

difference in MetS parameters with ≥4 dairy

servings compared to ≤1serving/day [40],

and van Meijl et al. found decreases in sys-

tolic blood pressure and tumor necrosis fac-

tor α (TNF-α), but no differences in other

MetS components or inflammatory markers

in those consuming three servings of dairy

compared to isocaloric carbohydrate control

foods [39]. The discrepancies among these

clinical trials can be due to several factors.

Dugan et al. [37] and Stancliffe et al. [39]

recruited individuals with MetS, while in the

study by van Mejil et al. [38], subjects were

overweight or obese and it is not clear

whether they met MetS criteria per se. It is

possible that the metabolic status of the sub-

jects may influence outcomes as those with
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MetS differ clinically from age and BMI

matched controls [1]. In addition, the mag-

nitude between dairy and calcium intake

[37-39] differed. Since a threshold effect of

calcium intake has been suggested [41] and

dietary calcium has been shown to reduce

weight and BMI [36], this factor can also ex-

plain the discrepancies among these studies.

Some evidence supports individual nu-

trients in dairy to have a beneficial effect on

MetS such as calcium and the attenuation of

adiposity, or peptide fractions, which have

been found to lower blood pressure. Below,

the effects and potential mechanism of dairy

intake on individual MetS components are

reviewed. 

EffEctS of cAlciuM AnD DAiRy
conSuMPtion on ADiPoSity

The high intake of calcium, a mineral

prevalent in dairy products, may promote

weight reduction through modulation of

serum 1, 25-hydroxyvitamin D concentra-

tions. Serum calcium concentration is tightly

regulated, and the metabolic correction of

low serum calcium is suggested to account

for the mechanisms by which dietary cal-

cium intake modulates adiposity [42,43]. If

serum calcium concentration falls, parathy-

roid hormone (PTH) is secreted to normalize

calcium levels. PTH increases renal calcium

reabsorption and activates bone resorption

and the kidney hydroxylase enzyme, 25-hy-

droxyvitamin D-1α hydroxylase, which con-

verts inactive vitamin D into its active form,

1, 25-hydroxyvitamin D (1, 25-OH2-vitD)

[44]. 1,25-OH2-vitD increases intestinal cal-

cium absorption within the enterocyte. Thus,

low serum calcium triggers an increase in

the synthesis of 1, 25-OH2-vitD.

In adipose tissue, 1, 25-OH2-vitD

causes an influx of calcium ions into

adipocytes, thus increasing intracellular cal-

cium [Cai]. Functioning as a second mes-

senger, [Cai] activates gene transcription of

fatty acid synthase (FAS), which increases

fatty acid (FA) synthesis within adipose tis-

sue. [Cai] also inhibits lipolysis through ac-

tivation of phosphodiesterases, which blunts

the release of FA for oxidation through hor-

mone sensitive lipase (HSL) inhibition. Ac-

cording to the theory proposed by Zemel

[45], lowered adipocyte [Cai], resulting from

increased dietary calcium, mitigates adipos-

ity by decreasing de novo lipogenesis and

directly stimulating lipolysis as explained in

the above mechanism.

Zemel’s proposed mechanism was

demonstrated in a transgenic mouse model

expressing the agouti protein in adipose tis-

sue, a model used for diet-induced obesity

and shown to have similar adipocyte activity

as human adipocytes [46]. Mice were fed

diets containing differing calcium levels:

low calcium, supplemental calcium,

medium dairy, or high dairy for 6 weeks.

Mice fat pads were harvested to quantify fat

mass and to determine FAS protein expres-

sion and activity level in adipocytes. Mice

fed low calcium diets had higher body

weight gain and fat mass compared to mice

fed supplemental calcium or dairy. Both

supplemental calcium and high dairy de-

creased FAS activity by 35 percent and 65

percent, respectively [46]. The reductions in

FAS activity resulted from decreases in FAS

mRNA, which was 27 percent and 51 per-

cent lower in mice fed high calcium and

dairy diets, respectively. High calcium and

dairy diet feeding also resulted in 3.4- to 5.2-

fold increases in adipocyte lipolysis, as

measured by glycerol release following in-

cubation with forskolin, compared to

adipocytes from mice fed low calcium. Data

obtained from this study, such as the mRNA,

activity level of FAS, and measures of lipol-

ysis support the theory that dietary calcium

modulates adiposity by reducing adipocyte

[Cai].

The above mechanism has support from

additional animal studies [4], and treatment

of human adipocytes with 1, 25-OH2-vitD

was also shown to increase FAS, inhibit

lipolysis, and directly suppress uncoupling

protein 2 (UCP2). Data support an increase

in adipocyte [Cai] [47]. However, in con-

trast, Bortolotti et al. [48], in a 5-week ran-

domized double-blind placebo controlled

study, provided calcium (800 mg/d) or

placebo to overweight or obese subjects (n =

10) who were low dairy consumers with
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usual calcium intake < 800 mg/day. No dif-

ferences were found in body weight, lipid

oxidation, or energy expenditure between

the calcium and placebo phases. Addition-

ally, they found no changes in adipose tis-

sue mRNA for HSL. Furthermore, the above

mechanism is incongruent with epidemio-

logical data that demonstrate lower levels of

vitamin D in overweight and obese popula-

tions [49] and in the MetS population

[50,51].

Results from RCT investigating a cal-

cium or dairy attenuation of adiposity are

mixed. A recent systematic review of 15

cross-sectional studies [22] found inverse

associations between increased dairy intake

and lower body mass index (BMI) or waist

circumference (WC) in seven studies, but

authors also found no associations (n = 3) or

positive associations (n = 2). However, ac-

cording to the regression equation based on

a mixed-model analysis of 18 prospective

studies, increasing dietary calcium intake

from 400 to 800 mg/d was associated with a

1.1 kg/m2 decrease in BMI. A recent ran-

domized study by Dugan et al. [37] reported

significant decreases in body weight and

BMI in women when they were taking the

dairy prescribed diet compared to a control

diet, which further supports the role of di-

etary calcium/dairy intake in decreasing ad-

iposity.

DAiRy intAkE AnD blooD 
PRESSuRE

Different mechanisms have been sug-

gested to account for the blood pressure-

lowering effect of dairy products. One

possible mechanism involves the increase in

serum 1,25-OH2-vitD, which results from

low serum calcium. Increased serum con-

centration of 1,25-OH2-vitD causes an in-

crease of calcium ion influx into cells. When

this occurs in smooth muscle cells, it causes

constriction and results in increased blood

pressure [52]. Therefore, increasing calcium

intake, which is high in dairy products, can

decrease serum 1,25-OH2-vitD concentra-

tions and prevent the calcium-mediated

vasoconstriction in smooth muscle cells.

This mechanism is supported by studies that

show an independent association with 1, 25-

dihydroxtvitamin D and increased blood

pressure [53]. However, the primary mech-

anism believed responsible for the blood

pressure-lowering effects of dairy involves

inhibition of the angiotensin-converting en-

zyme (ACE). Blood pressure is controlled in

part through the Renin-Angiotensin II–Al-

dosterone pathway. When blood pressure

decreases, the kidneys secrete rennin. Ren-

nin converts angiotensinogen into the inac-

tive enzyme, angiotensin I. Angiotensin I is

converted into the active form angiotensin

II by ACE. Angiotensin II has several effects

that collectively increase blood pressure.

Angiotensin II directly causes vasoconstric-

tion, increases the release of anti-diuretic

hormone via release of vasopressin, thus

causing the re-absorption of water at the

level of the kidneys, and triggers release of

aldosterone from the adrenal cortex, causing

the kidney to re-absorb sodium [54]. Thus,

inhibiting ACE decreases the production of

angiotensin II and therefore decreases blood

pressure-raising effects. ACE inhibitors have

been developed as pharmaceutical drugs that

can decrease vascular resistance and lower

blood pressure during hypertension [55].

ACE inhibitors also occur naturally within

the protein primary sequence in several

foods, including fish, gelatin, corn, and milk

protein [56].

Dairy contains two forms of protein, ca-

sein and whey. Both include peptide frac-

tions that have ACE-inhibiting properties,

called casokinins and lactokinins, respec-

tively. However, these proteins require en-

zymatic hydrolysis to release the functional

peptides. This can be accomplished during

product manufacturing, through fermenta-

tion from lactic acid producing bacteria, or

during the digestive process [57]. Thus,

human digestion of dairy foods can release

ACE-inhibiting peptide fractions. Since pro-

line-proline dipeptides resist enzymatic

degradation [56], they may be especially

protected from hydrolysis during digestion,

which suggests peptide fractions containing

proline may be more effective at lowering

blood pressure. Peptide sequences believed
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to be responsible for ACE inhibition include

the lactotripeptides amino acid sequences

isoleucine-proline-proline (IPP) and valine-

proline-proline (VPP).

Although whey and casein contain

ACE-inhibiting peptides and have both been

shown to exert blood pressure-lowering ef-

fects, results are inconsistent. For example,

Yamasue et al. [58] recruited subjects (n =

30, 23-69 y) with blood pressure above

130/85 mm Hg and provided them with 200

mL sour milk, which contained 2.66 mg

VPP and 1.38 mg IPP twice a day for 2

weeks. Twenty-four-hour blood pressure

was measured with an ambulatory measur-

ing system. Results indicated that night sys-

tolic blood pressure was lower at week 4

(120 ± 13.3, p = 0.04) and week 8 (119 ±

14.3, p = 0.03) compared to baseline (124 ±

16.0). In contrast, van der Zander et al. [59]

provided casein hydrosylate powder con-

taining ~29 mg IPP and 22 mg VPP or

placebo to 275 hypertensive adults for 8

weeks but found no difference in systolic or

diastolic blood pressure between peptides

and placebo. A possible explanation may be

that casein coagulates in the stomach, ren-

dering it less available for enzymatic hy-

drolysis and slows delivery of amino acids

to the intestine for absorption.  

In contrast, whey proteins are water sol-

uble and are delivered more rapidly to the

intestinal track, thus they could theoretically

provide increased opportunity for biological

activity. However, Pal et al. [60] provided

subjects (70 men and women, 16-65 y) a

supplement containing 27 grams of whey,

casein, or glucose to be consumed as part of

the usual diet for 12 weeks. Supplementa-

tion with whey or casein significantly de-

creased systolic blood pressure by 4.0 and

4.2 percent respectively, compared to base-

line. Diastolic blood pressure was decreased

by 3 percent in both treatments compared to

baseline, with no differences between the

types of protein.  

The blood pressure-lowering effect of

dairy, independent of calcium intake, is sup-

ported by cross-sectional [61,62] and

prospective data [44,62]. A subset popula-

tion from the French MONICA study (n =

912, men 45-64 y) completed dietary

records and underwent blood pressure test-

ing. Subjects were stratified into quintiles

according to dairy and calcium intakes.

Using linear regression models, both dairy

and calcium consumption were independ-

ently associated with decreases in systolic

blood pressure for all subjects, regardless of

hypertension treatment status. The relation-

ship, which was controlled for calcium in-

take and other common blood pressure

confounders, was stronger for those not tak-

ing hypertension medications, with signifi-

cant reductions (p trend < 0.01) for all tested

combinations [62]. A recent meta-analysis

was performed to determine the effect of

low-fat versus high-fat dairy foods on ele-

vated blood pressure in adults [63]. The

overall relative risk (RR) was 0.87 (95% CI:

0.81-0.94). After separation by fat content,

only low-fat dairy was significant, with an

RR of 0.84 (95% CI: 0.74 -0.95). 

Overall, data support a blood pressure-

lowering effect of dairy, specifically from

low-fat dairy and from the whey fraction. In

fact, two meta-analyses reported that lac-

tokinins significantly decreased blood pres-

sure. Xu et al. [64] examined the effect of

milk IPP and VPP in studies of subjects with

either pre-hypertension or hypertension on

blood pressure in randomized controlled tri-

als. Nine clinical trials were included in the

analyses. Results showed significant de-

creases in systolic and diastolic blood pres-

sure. These effects were greater by 2.4 mm

Hg for systolic blood pressure for those with

hypertension compared to those with pre-

hypertension. Additionally, Pripp et al. [65]

examined the effect of peptides derived from

food proteins on blood pressure in 17 ran-

domized controlled trials. Results were of

similar magnitude of the analysis conducted

by Xu et al. [64], with peptides decreasing

systolic by 5.1 percent and diastolic blood

pressure by 2.4 percent.  

EffEct of DAiRy intAkE on
SERuM GlucoSE lEvElS

Studies have demonstrated improved

glucose control in pre-diabetics and diabet-
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ics when consuming diets containing higher

amounts of protein. Although not com-

pletely understood, mechanisms facilitating

improved glucose control have been sug-

gested and include a protein-induced in-

crease in serum insulin, increasing hepatic

regulatory control of glucose production,

and modulation of insulin signaling by

leucine through the mammalian target of ra-

pamycin (mTOR) pathway.

The high amino acid content, specifi-

cally the branch chain amino acids, may mod-

ulate glucose levels by increasing

postprandial insulin secretion. Whey protein

has been shown to increase glucose-depen-

dent insulinotropic polypeptide (GIP), a hor-

mone secreted by the endocrine cells of the

small intestine, which triggers insulin release

by pancreatic β cells [66,67]. This increased

insulin secretion can benefit diabetics, poten-

tially decreasing serum glucose concentra-

tions. For example, Frid et al. [68] provided

high glycemic foods at breakfast (white

bread) and at lunch (mashed potatoes) with

and without 28g whey protein to 14 volun-

teers with type 2 diabetes (T2D). Whey con-

sumption increased serum insulin at breakfast

(31 percent) and lunch (57 percent) compared

to meals without whey and resulted in de-

creased postprandial serum glucose by 21

percent compared to the test meal without

whey. A decrease in plasma glucose has also

been observed after 6 weeks in men with

MetS in a randomized trial comparing high

dairy intake versus a control food [37]. In-

creased insulin secretion is especially impor-

tant in T2D as diabetic individuals typically

experience a decreased insulin response to

carbohydrates. A beneficial effect of combin-

ing the insulin-stimulating effects of whey

with carbohydrate intake was recently

demonstrated by Manders et al. [69], who

provided carbohydrate alone or with a protein

hydrolysate/amino acid mixture to 10 volun-

teers with T2D and measured the plasma in-

sulin response from carbohydrate with and

without the protein/amino acid mixture. Con-

suming protein/amino acids with carbohy-

drate resulted in higher plasma insulin and

reduced plasma glucose compared to those

consuming carbohydrate alone. Further, iso-

tope tracers used to measure glucose disposal

[(6,6-2H2) glucose] found that diabetics con-

suming protein with carbohydrate experi-

enced an increase (p < 0.01) in glucose

disposal compared to those consuming car-

bohydrate alone [69].

An additional mechanism explaining

how increased protein consumption may

positively affect glucose concentrations has

been postulated by Layman et al. [70], who

suggest that when carbohydrates are re-

placed with protein, the branched chained

amino acids (BCAA), specifically leucine,

will “shift” the regulatory control of glucose

homeostasis away from the pancreas and in-

sulin secretion toward hepatic control

through gluconeogenesis. This “shifting of

regulatory control” will provide overall

glycemic stabilization via increased utiliza-

tion of the glucose-alanine cycle and hepatic

de novo gluconeogenesis, stabilizing fasting

and post-prandial glucose concentrations. It

was also postulated that after carbohydrate

intake, the body transitions from higher to

lower insulin levels while there is a corre-

sponding increase in glucagon to trigger he-

patic de novo gluconeogenesis, thus keeping

glucose concentrations constant. Since high

carbohydrate intake results in correspond-

ingly high insulin secretion, there is a “re-

bound” hypoglycemia prior to normalization

of glucose levels via hepatic de novo gluco-

neogenesis. However, high protein intake

can mitigate these large fluctuations in

serum glucose concentrations, while stabi-

lizing glucose at a lower serum concentra-

tion [70]. This premise was tested by

feeding a 400 kcal breakfast with either high

protein (33g protein and 39 g carbohydrate)

or high carbohydrate (10g protein and 57g

carbohydrate) to 24 women for breakfast

[71]. Two-hour post-prandial glucose, which

corresponds to the transition time from ex-

ogenous to endogenous glucose production,

was lower in both groups; however, the car-

bohydrate group dropped 30 percent below

the glucose values compared to the high pro-

tein group, indicating decreased baseline

glucose stabilization. Additionally, insulin

increased more than two-fold and was > 40

percent higher in the high carbohydrate
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group compared to the high protein group.

In addition, plasma-branched chained amino

acids alanine and glutamine were increased

in the high protein group but were decreased

in the high carbohydrate group, suggesting

less amino acid availability for participating

in hepatic de novo gluconeogenesis and glu-

cose recycling via the glucose-alanine cycle. 

A third potential theory of how protein

regulates glucose concentrations involves

modulation of insulin signaling by leucine

through the mTOR pathway. During insulin

signaling, insulin binds to the insulin recep-

tor, which triggers the auto-phosphorylation

of tyrosine residues on insulin substrate 1

(IRS-1). The resultant signaling pathway

leads to the translocation of the glucose

transporter-4 (GLUT 4) to the cell mem-

brane for glucose uptake. However, the acti-

vation of mTOR leads to the activation of S6

protein kinase 1 (S6K1), which increases the

phosphorylation of serine on IRS-1, creat-

ing a negative feedback loop by inhibiting

IRS-1 and thus halting insulin’s signaling. It

is well known that leucine activates mTOR,

which is important in increasing muscle syn-

thesis. However, mTOR activation can also

increase serine phosphorylation, which in-

hibits IRS-1. Since this has been shown to

increase insulin resistance, it is also believed

to facilitate the pathogenesis of obesity and

T2D [72]. Yet the effect of leucine is unclear

as others have found that leucine improves

insulin sensitivity. A recent study supports a

protective effect of leucine [73]. In this

study, C57BL/6J mice were randomized to

consume chow containing 21 percent (con-

trol) or 60 percent energy (high fat) from fat

with or without leucine (~60mg/d vs. 120

mg/d) added to the water for 8 weeks. Mice

consuming the high fat (HF) diet gained

more weight regardless of leucine intake,

and mice consuming high fat and leucine

(HFL) did not differ in food intake or body

weight compared to those consuming HF.

HF mice developed obesity, fatty liver, and

insulin resistance, while HFL mice had im-

proved glucose tolerance and insulin signal-

ing. Steatotic livers from HF mice weighed

double compared to control mice, while

liver weigh from HFL mice did not differ

from controls [73]. All these findings indi-

cate increases in insulin sensitive mediated

by leucine. 

While it is not completely understood,

increased dairy intake has been shown to

lower serum glucose through several poten-

tial mechanisms, which may include pro-

tein-induced increases in serum insulin and

increasing hepatic regulatory control of glu-

cose production. However, the effect of

leucine on insulin sensitivity requires further

study.

cAlciuM, DAiRy AnD PlASMA
liPiDS, liPoPRotEinS AnD
APoliPoPRotEinS 

Although the current Dietary Guidelines

for Americans recommend reducing saturated

fat to reduce cardiovascular disease risk [23],

a recent meta-analysis did not find an associ-

ation between saturated fat and cardiovascu-

lar disease [74]. In fact, another meta-analysis

examining dairy consumption and incidence

of vascular disease found a protective effect

of dairy. In this study, a higher dairy con-

sumption was associated with 21, 13, and 8

percent decreases in risk for stroke, all-cause

mortality, and ischemic heart disease, respec-

tively [75] compared to lower dairy con-

sumption. Although reasons for this are not

entirely clear, the high calcium content and

the lipid fractions present in dairy products

may positively alter the serum lipid profile.  

Early studies testing the lipid-lowering

effect of calcium found that supplemental

calcium (900 mg/day) decreased serum total

cholesterol by 15.4 mg/dL and triglycerides

by 32.2 mg/dL [76]. The primary mecha-

nism believed to be responsible for this ef-

fect is the intestinal binding of calcium to

saturated fatty acids, which forms insoluble

soaps that are excreted in the feces. A sec-

ondary mechanism is thought to occur from

calcium binding to bile acids, which also in-

creases their fecal excretion. The loss of bile

acids interrupts enterohepatic circulation,

and this triggers the removal of circulating

cholesterol through upregulation of hepatic

LDL receptors and leads to increased bile

acid synthesis via hepatic cholesterol.
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Denke et al. [77] randomized healthy

men (n = 13, aged 38-49 years) with moder-

ately elevated total cholesterol to receive

diets containing high (2200 mg/d) or low

(240 mg/d) supplemental calcium citrate for

1 week in a crossover study. Higher calcium

intake resulted in greater fecal fat excretion

of palmitic, stearic, and oleic acids (p <

0.05). The reduction in fat absorption re-

sulted in lower fasting serum total and LDL

cholesterol and apolipoprotein B compared

to the low calcium diets. In a similar study,

the effect of dairy calcium on serum lipids

was investigated in 16 healthy men [78].

Subjects consumed milk or yogurt (1

liter/day) containing 1200 mg calcium or a

placebo with 120 mg calcium for 1 week in

a cross-over design. Fecal FA and bile acid

excretion increased during dairy intake and

resulted in lower fat absorption compared to

the placebo. In addition to these studies, this

mechanism has been established in several

animal models and in human trials (re-

viewed in [31]). Christensen et al. [79] per-

formed a systematic review and meta-analy-

sis, including 15 RCT of healthy adults, to

determine the effect of calcium consumed

through supplementation or from dairy

products on fecal fat excretion. Results from

the analysis demonstrated that supplemental

calcium resulted in an estimated ~2 g/day in-

creased fat excretion from increased calcium

intake above 800 mg/d. Intakes of dairy cal-

cium resulted in higher amounts of fat ex-

cretion, with study results indicating that an

increase of ~1240 mg/d of dairy calcium

corresponds to 5.2 g/d increase in fecal fat.  

These cholesterol-lowering effects of

calcium may attenuate the potential choles-

terol-raising effects of palmitic, myristic,

and lauric acids found in dairy foods. Addi-

tionally, dairy is high in stearic acid, a satu-

rated fatty acid that is not associated with

raising cholesterol when exchanged for di-

etary carbohydrates or other saturated FA

[80]. Specific fatty acids provided by dairy

may also modulate lipoprotein metabolism.

Lauric and myristic acids were shown to
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figure 1. Proposed mechanisms by which dairy intake may reduce parameters of meta-

bolic syndrome including waist circumference (Panel A), blood pressure (Panel B), plasma

glucose (Panel C), and dyslipidemias (Panel D). 



raise ApoA1 concentrations when replacing

carbohydrates in the diet with no significant

effect on ApoB concentrations [81], sug-

gesting these FA may contribute to a more

favorable lipoprotein profile. Other lipid

components in milk including phospholipids

and sphingolipids have been reported to de-

crease cholesterol absorption in animals

[82,83]. The different proposed mechanisms

from dairy nutrients associated with reduc-

tions in MetS are depicted in Figure 1.

concluSionS

Based on these reviewed mechanisms

and data, dietary inclusion of low-fat dairy

may present an alternative strategy to atten-

uate MetS markers. Epidemiological data

for the most part suggest that there is an in-

verse correlation between dairy consump-

tion and MetS [33-35]. Clinical studies have

also shown associations between increased

dairy intake and lowering of one or several

parameters of metabolic syndrome includ-

ing weight and waist circumference [45],

blood pressure [38], dyslipidemias [77], and

hyperglycemia [37]. Additional benefits

have been shown in maintaining vascular

function and decreasing hyperglycemia [84],

inflammation [39], and reductions in type 2

diabetes [85]. Therefore, we conclude that

increasing dairy intake for the most part re-

duces the biomarkers that define MetS in ad-

dition to improving low grade and T2D,

associated with increased risk for heart dis-

ease. Additionally, including ~3 servings of

dairy into the diet per day requires only

slight dietary modifications, making it an

easy lifestyle change to maintain.  
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