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Abstract: Milk, the secretory product of the lactation genome, promotes growth of the newborn mammal. 

Milk delivers insulinotropic amino acids, thus maintains a molecular crosstalk with the pancreatic -cell of 

the milk recipient. Homeostasis of -cells and insulin production depend on the appropriate magnitude of 

mTORC1 signaling. mTORC1 is activated by branched-chain amino acids (BCAAs), glutamine, and 

palmitic acid, abundant nutrient signals of cow´s milk. Furthermore, milk delivers bioactive exosomal mi-

croRNAs. After milk consumption, bovine microRNA-29b, a member of the diabetogenic microRNA-29-

family, reaches the systemic circulation and the cells of the milk consumer. MicroRNA-29b downregulates branched-

chain -ketoacid dehydrogenase, a potential explanation for increased BCAA serum levels, the metabolic signature of in-

sulin resistance and type 2 diabetes mellitus (T2DM). In non-obese diabetic mice, microRNA-29b downregulates the anti-

apoptotic protein Mcl-1, which leads to early -cell death. In all mammals except Neolithic humans, milk-driven 

mTORC1 signaling is physiologically restricted to the postnatal period. In contrast, chronic hyperactivated mTORC1 sig-

naling has been associated with the development of age-related diseases of civilization including T2DM. Notably, chronic 

hyperactivation of mTORC1 enhances endoplasmic reticulum stress that promotes apoptosis. In fact, hyperactivated -cell 

mTORC1 signaling induced early -cell apoptosis in a mouse model. The EPIC-InterAct Study demonstrated an associa-

tion between milk consumption and T2DM in France, Italy, United Kingdom, Germany, and Sweden. In contrast, fer-

mented milk products and cheese exhibit an inverse correlation. Since the early 1950´s, refrigeration technology allowed 

widespread consumption of fresh pasteurized milk, which facilitates daily intake of bioactive bovine microRNAs. Persis-

tent uptake of cow´s milk-derived microRNAs apparently transfers an overlooked epigenetic diabetogenic program that 

should not reach the human food chain.   

Keywords: Branched-chain amino acid dysmetabolism, -cell apoptosis, endoplasmic reticulum stress, diabetogenic milk-

derived microRNAs, mTORC1, type 2 diabetes mellitus.  

INTRODUCTION  

The worldwide rising prevalence of type 2 diabetes mel-

litus (T2DM) has been attributed to rising rates of obesity 

and poor lifestyles, genetic and developmental susceptibility 

to disease [1]. According to the US National Diabetes Sta-
tisitics Report 2014 [2] 29.1 million people or 9.3% of the 

U.S. population have diabetes mellitus.  

T2DM is characterized by progressive -cell dysfunc-

tioning, early -cell apoptosis resulting from low-grade local 

and systemic inflammation, increased oxidative stress and 

insulin resistance, recently extensively reviewed elsewhere 

[3-6].  

Notably, since the 1960´s there is a steady increase in the 

prevalence rate of T2DM in industrialized countries [7]. 

Shortly prior to the 1960’s, the refrigerator and widespread 

cooling technology was introduced into most households and 

food stores of developed countries. Cooling technology al-

lows daily access to fresh pasteurized cow´s milk, whereas in  
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former times and less developed countries primarily fer-

mented milk and milk products have been consumed due to 

the unavailability of cooling facilities. 

The pathogenesis of age-related diseases of civilization 

such as obesity, T2DM, metabolic syndrome, cancer, neu-

rodegenerative diseases and early aging have all been related 

to persistently increased activation of the nutrient-sensitive 

kinase mechanistic target of rapamycin complex 1 

(mTORC1) [8-14]. Remarkably, milk is the only and suffi-

cient nutrient system of all mammals that allows appropriate 

postnatal growth. It has recently been recognized that milk is 

not “just food” but represents a sophisticated signaling sys-

tem of mammalian evolution that adequately activates 

mTORC1 of the cells of the milk recipient to drive con-

trolled species-specific growth [15]. Milk contains abundant 

essential branched-chain amino acids (BCAAs: leucine, iso-

leucine, and valine) and glutamine that are important nutrient 

signals that communicate with pancreatic -cells of the milk 

recipient to promote mTORC1-mediated insulin synthesis 

and secretion. Insulin itself is an important growth hormone 

that activates mTORC1 of insulin-dependent cells facilitat-

ing anabolism and growth of the newborn organism. Nota-

bly, it is not the carbohydrate content of milk and skim milk 

that exerts strong insulinotropic effects, but the insuli-
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notropic amino acids that operate as nutrient signals stimu-

lating insulin secretion. In all mammals, except humans 

since the Neolithic revolution, this insulinotropic signaling 

system is restricted to the postnatal growth phase and has not 

been designed by evolution for lifelong use. Downregulation 

of intestinal lactase expression resulting in lactose intoler-

ance after the weaning period is thus the original genetic 

makeup of humans and all other mammals.  

It is the intention of this review to provide evidence that 

persistent abuse of mTORC1-activating and microRNA-

transmitting bovine milk is a major overlooked pathogenic 

and epigenetic factor promoting the epidemic of T2DM. 

1. MILK´S HARDWARE DRIVING MTORC1 SIG-
NALING 

mTORC1 of -cells plays a pivotal role in -cell homeo-

stasis, insulin synthesis and insulin secretion [16-19]. 

mTORC1 orchestrates cell growth and proliferation [20]. 

mTORC1 is the central hub of metabolism that activates 

nucleotide, protein and lipid synthesis and promotes cell 

cycle progression under conditions of nutrient and growth 

factor availability [20-30]. Moreover, mTORC1 plays a fun-

damental role in lipid accumulation and adipogenesis [31-

35]. Thus, persistently overactivated mTORC1 signaling 

stimulates weight gain, increases body mass, and fat mass 

[31-36], known risk factors promoting the development of 

T2DM. 

Basically, there are five major pathways that activate 

mTORC1: 1) growth factors such as insulin and IGF-1 

[20,23,24,28],
 
2) sufficient cellular energy (glucose, ATP) 

[36-38], 3) the availability of amino acids, predominantly 

essential BCAAs such as leucine [21-29,39],
 
4) the presence 

of glutamine for cellular leucine uptake and glutaminolysis-

mediated activation of mTORC1 [40-42], and 5) the avail-

ability of saturated fatty acids, especially palmitic acid [43] 

(Fig. 1).  

It will be demonstrated that persistent and excessive 

cow´s milk consumption provides and mediates abundant 

nutrient and growth factor signals that overactivate -cell 

mTORC1 signaling of the human milk recipient promoting 

endoplasmic reticulum (ER)-stress and early -cell apopto-

sis. 

1.1. Milk Provides BCAAs Activating mTORC1 

Milk proteins provide highest amounts of essential 

BCAAs, especially leucine [44]. Leucine plays a pivotal role 

for activating mTORC1 [39].
 
Of all animal proteins, whey 

proteins contain the highest amount of leucine (14%) [44], 

and in comparison to meat (8% leucine), whey proteins un-

 

Fig. (1). Schematic working model representing the potential crosstalk bewteen milk signaling and persistent -cell mTORC1 hyperactiva-
tion promoting endoplasmic reticulum (ER)-stress and early -cell apoptosis. Milk is a rich source of branched-chain amino acids (BCAAs). 
Leucine (Leu) and glutamine (Gln) synergistically activate -cell mTORC1. mTORC1 activation is important for insulin synthesis. Insulin 
synthesis is further promoted by whey-stimulated secretion of glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 
1(GLP-1). Milk-derived exosomal microRNA-29b (miR29b) may represent a shutoff mechanism of mitochondrial BCAA catabolism that 
increases BCAA plasma levels enhancing BCAA-driven -cell mTORC1 activation. Persistent milk-mediated -cell mTORC1 activation 
promotes ER-stress leading to early -cell apoptosis. ER-clearance is impaired by mTORC1-mediated inhibition of autophagy further pro-
moting -cell apoptosis. ER-stress in a vicious cycle via activating transcription factor 4 (ATF4)-mediated upregulation of L-type amino acid 
transporter (LAT) augments leucine-mTORC1 signaling. Further enhancement of -cell apoptosis may result from milk miR29b-mediated 
inhibition of anti-apoptotic Mcl-1. Milk miR-21-mediated inhibition of FoxO1 may increase -cell proliferation and may increase oxidative 
stress further promoting -cell apoptosis. See list of abbreviations. 
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dergo fast intestinal hydrolysis, thus operate like an i.v.-
amino acid infusion [45-49]. 

1.2. Milk Provides Glutamine Activating mTORC1 

Milk protein (8.09 g glutamine/100 g) in comparison to 
beef protein (4.75 g glutamine/100 g) provides 70% more 
glutamine [49].

 
In the -cell, glutamine is an important acti-

vator of mTORC1. Glutamine functions as a gatekeeper for 
cellular leucine uptake via the L-type amino acid transporter 
(LAT) and is a precursor of the glutaminolysis pathway that 
activates mTORC1 [16, 50-52]. Leucine is an allosteric acti-
vator of glutamate dehydrogenase (GDH), the key-regulating 
enzyme of the glutaminolysis pathway [50-52]. This intimate 
interplay of glutamine and leucine maximizes the flux 
through GDH in pancreatic -cells, which is important for 
mTORC1-S6K1-dependent insulin secretion [52].

 
Thus, 

leucine and glutamine should be regarded as milk´s amino 
acid messengers that activate -cell mTORC1 signaling dur-
ing the postnatal period of mammalian life. 

1.3. Milk Stimulates Incretin and Insulin Secretion 

The insulinemic index of whole cow´s milk (148+14) and 
skim milk (140+13) is much higher than the glycemic indi-
ces of whole milk (42+5) and skim milk (37+9), repectively 
[53,54].

 
Fast hydrolysis and immediate intestinal absorption 

of insulinotropic amino acids of the whey protein fraction of 
cow´s milk raise insulin levels to much higher magnitudes 
than intestinal digestion of structural proteins such as beef 
(insulinemic index: 51) [53,54].

 
The major insulinotropic 

protein fraction of cow´s milk is the whey protein fraction 
[55]. Whey-derived leucine and other whey-derived amino 
acids stimulate glucose-dependent insulinotropic polypeptide 
(GIP) and glucagon-like peptide (GLP-1) secretion of en-
teroendocrine K- and L-cells, respectively [56-60]. Dipepti-
dyl peptidase-IV (DPP-IV) activity is of critical importance 
for the biological activity and half-life of these incretins. 
Remarkably, milk protein-derived peptides have been shown 
to inhibit DPP-IV activity and thus increase incretin activity 
enhancing incretin-mediated insulin synthesis and secretion 
[61,62]. 

Additionally, whey-derived amino acids directly exert 
inulinotropic effects on pancreatic -cells [16,18,19]. Milk 
protein consumption in comparison to meat protein intake 
thus results in significant hyperinsulinemia [63]. Further-
more, i.v.-infusion of bovine -casomorphin 4, a bovine milk 
protein peptide that is generated in the intestinal tract, has 
been shown to stimulate μ-receptors of -cells and substan-
tially increases insulin secretion in dogs [64]. Thus, milk 
intake may also stimulate neuroendocrine regulatory net-
works of the -cell that augment insulin secretion. 

 

1.4. Milk Stimulates IGF-1 Secretion Activating 

mTORC1 

A meta-analysis confirmed that continued milk consump-
tion increases serum levels of insulin-like growth factor-1 
(IGF-1) [65]. The European Prospective Investigation into 
Cancer and Nutrition (EPIC) confirmed a relationship be-
tween milk intake in 2,109 European women with increased 
IGF-1 serum levels [66]. A 20% increase in serum IGF-1 
levels has been observed in prepubertal children previously 

not used to milk consumption after a daily intake of 710 mL 
of ultra-heat treated (UHT) milk for 4 weeks [67]. A recent 
study including 193 overweight adolescents aged 12-15 
years drank either 1L/day of skim milk, whey, casein or wa-
ter for 12 weeks. All milk-based-drinks contained 35 g milk 
protein/L. IGF-1 significantly increased with skim milk and 
tended to increase with casein compared to the pre-test con-
trol group [68].

 
Casein in comparison to whey protein has 

been shown to differentially enhance hepatic IGF-1 synthesis 
[55].

 
Notably, per capita cheese comsumption, the major 

dairy source of casein, increased in Germany from 5 kg in 
1950 to 24.4 kg in 2013 [69]. 

1.5. Milk Provides Palmitic Acid Activating mTORC1 

Bovine milk contains about 3.5 to 5% total lipid. About 
98% of the lipid is composed of triacylglycerols, transported 
in milk fat globules [70]. The major fatty acid of total fatty 
acids of milk lipids is palmitate (C16:0) with 32.3 wt% 
[70,71].

 
Palmitate like BCAAs activates mTORC1 at the 

lysosomal compartment [43].
 

Thus milk, the promoter of postnatal growth of mam-
mals, activates mTORC1 of the milk recipient either by 
transfer or induction of pivotal mTORC1 activating signal-
ing pathways.  

2. MILK´S SOFTWARE: EXOSOMAL MICRORNAS  

In 2013, Melnik and colleagues [15] hypothesized that 
milk functions as a genetic transfection system of the milk 

recipient by transfer of exosomal bioactive bovine milk mi-
croRNAs to modulate early metabolic programming. The 

microRNA regulatory network appears to represent milk´s 
epigenetic software that augments mTORC1 signaling and 
cell cycle progression to optimize growth conditions of the 

newborn mammal. Valadi et al. [72] were the first who 
demonstrated that exosome-mediated transfer of mRNAs and 

microRNAs is a novel mechanism of genetic exchange be-
tween cells. Thus, secreted exosomal microRNAs have been 

appreciated as important players of gene regulation and in-
tercellular communication [73-75].  MicroRNAs bind 

through partial sequence homology to the 3´-untranslated 
region (UTR) of target mRNAs and cause either translational 

block or mRNA degradation [76]. 

Recently, Witwer and Hirschi [77] challenged the hy-
pothesis that diet-derived foreign microRNAs, especially 

plant-derived xenomirs, might be absorbed and could regu-
late vertebrate metabolism and function. The caveat of Wit-

wer and Hirschi [77] is primarily based on repeated negative 
results evaluating the intestinal uptake of plant-derived mi-

croRNAs [78-80], which could not confirm the reported in-
testinal absorption of rice-derived MIR168a [81]. 

In mammals however, microRNAs enclosed by membra-

nous microvesicles (exosomes) play a pivotal role for hori-

zontal microRNA transfer [82]. Milk is apparently mam-

mal´s longest distance interindividual exosomal signaling 

system that allows maternal-neonatal communication for 

metabolic regulation of the newborn. In fact, breast milk in 

comparison to all other human body fluids contains the high-

est amounts of total RNAs [83]. It has been suggested that 

bovine and human milk exosomal microRNAs may be trans-
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ferred to the infant to promote immune regulatory functions 

[84-86]. MicroRNA-containing exosomes of 30-100 nm di-

ameter have been identified in human breast milk, cow´s 

milk, bovine whey and colostrum [87-89]. Exosomes from 

bovine colostrum and mature milk are able to deliver mi-

croRNAs into cultured cells thereby increasing cytoplasmic 

microRNA levels [89]. Recently, Baier et al. [90] provided 

evidence that microRNAs of commercial pasteurized cow´s 

milk are absorbed by adult human subjects in biologically 

meaningful amounts from nutritionally relevant doses of 

cow´s milk and affected gene expression of human periph-

eral blood mononuclear cells, HEK-293 kidney cell cultures 

and mouse liver cells. The authors estimated that the 245 

microRNAs of bovine milk may modulate the transcription 

of more than 11,000 human genes [90]. The lipid bilayer of 

milk exosomes protects their microRNA cargo against harsh 

degrading conditions like low acidic pH of 1-2 and RNase-

mediated degradation [86,91]. Boiling of milk, however, 

results in complete microRNA degradation [92]. Recently, 

Howard et al. [93] studied the influence of homogenization, 

pasteurization, microwave treatment and storage at 4°C of 

commercial whole milk, fat reduced (2%) milk and skim 

cow´s milk on microRNA recovery. Notably, more than 50% 

of microRNA-29b was still detectable after pasteurization 

and homogenization of whole and 2% fat milk in com-

parioson to raw milk [93]. Nearly one third of microRNA-

29b was recovered in skim milk after these procedures [93]. 

Storage of 2% fat milk for 15 days did not affect microRNA-

29b concentrations [93]. Thus, raw cow´s milk contains the 

highest amounts of bioactive microRNAs, whereas pasteur-

ized refrigerated commercial milk still contains substantial 

amounts of bioactive microRNAs [90,93].  

2.1. MicroRNA-21 Activates mTORC1 and Inactivates 

FOXO1 

A major microRNA type in cow´s milk is bovine mi-

croRNA-21 [85], which is identical with the humun mi-

croRNA-21 (www.mirbase.org). Notably, microRNA-21 is 

involved in phosphoinositol-3-kinase (PI3K)-AKT and 

mTORC1 signaling pathways [94]. Critical targets of mi-

croRNA-21 are mRNAs of important tumor suppressor pro-

teins involved in upstream and downstream suppression of 

mTORC1 signaling such as phosphatase and tensin homolog 

(PTEN) [95-97], Sprouty1 and Sprouty2 [98-100], and pro-

grammed cell death 4 (PDCD4) [101-103]. Moreover, mi-

croRNA-21 has been shown to induce the cell cycle pro-

moter cyclin D1 in an mTORC1-dependent manner [104]. 

MicroRNA-21-mediated inhibition of Sprouty1 and 

Sprouty2 amplifies RAS-RAF-MEK-ERK signaling, which 

suppresses TSC2 (tuberin) and thus raises mTORC1 activity. 

Furthermore, microRNA-21 stimulates the initiation of trans-

lation by repression of PDCD4, which is a suppressor of 

translation initiation that inhibits the RNA helicase eIF4A 

[105]. Both, 4E-binding protein-1 (4E-BP-1) and PDCD4 are 

thus crucial regulatory inhibitors of translation initiation that 

control protein synthesis. Activation of the mTORC1 path-

way and its substrate kinase S6K1 results in subsequent 

phosphorylation of 4E-BP-1 and PDCD4 that promotes 

eIF4E-eIF4G complex assembly stimulating mRNA transla-

tion [104].  

Furthermore, microRNA-21 induces adipogenic differen-

tiation and proliferation of human adipose tissue-derived 

mesenchymal stem cells [106,107], thus promotes fat mass 

accretion. MicroRNA-21 orchestrates high glucose-induced 

signals to TORC1, resulting in renal cell pathology in T2DM 

[108]. Moreover, microRNA-21 has been demonstrated to 

promote renal injury in a mouse model of T2DM [109]. 

Thus, excess intake of bovine milk microRNA-21 may 

overstimulate -cell mTORC1 activation and may contribute 

to renal mTORC1-driven pathology in T2DM.  

Recently, the mRNA of forkhead box class O1A tran-

scription factor (FoxO1) has been indentified as a direct tar-

get of microRNA-21 [110]. FoxO1 is a key transcription 

factor that plays a central role in the regulation of glucose 

metabolism, insulin signaling, and -cell homeostasis [6, 

110-115]. FoxO1 controls -cell replication via the insu-

lin/IGF-1 signaling pathway [6]. Moreover, FoxO1 regulates 

the expression of antioxidant enzymes such as catalase and 

superoxide dismutase 2 [116]. FoxO1 apparently protects -

cells against oxidative stress [6, 117] and oxidative stress-

induced apoptosis [6, 117,118] (Fig. 1). Milk is physiologi-

cally provided during the postnatal growth phase, a period 

with enhanced insulin demands. From a mechanistical point 

of view, it is conceivable that milk promotes -cell replica-

tion and -cell mass expansion by epigenetic transfer of 

exosomal microRNA-21 that downregulates FoxO1. 

Serum levels of circulating BCAAs are increased in 

obese individuals and are associated with future insulin resis-

tance and T2DM [119-140]. Thus, increased serum BCAA 

levels are believed to represent a critical metabolic signature 

of insulin resistance and T2DM [128,132,134-142].  

The rate-controlling step of BCAA catabolism is cata-

lyzed by the multienzyme mitochondrial branched-chain -

ketoacid dehydrogenase (BCKD) [143]. About half of the 

BCKD catalytic activity resides in skeletal muscle, whereas 

a considerable portion of activity also resides in adipose tis-

sue [143]. The BCKD complex is composed of the branched-

chain keto acid dehydrogenase (BCKDHA), the dihydrol-

ipoamide branched-chain transacylase (DBT), and the dihy-

drolipoamide dehydrogenase (DLD) [143,144]. Notably, the 

DBT forms the core of the BCKD complex [145]. Mersey 

and coworkers [146] provided evidence that human mi-

croRNA-29b controls the expression of the BCKD complex 

at the level of mRNA translation. Human microRNA-29b 

recognizes the mRNA of DBT, which forms the core of the 

BCKD complex and provides the binding site for all other 

proteins in the BCKD complex including the branched-chain 

-keto acid dehydrogenase kinase (BCKDK) [146,147]. 

Thus, microRNA-29b, a major microRNA of bovine milk 

[86,92], suppresses BCAA catabolism. Intriguingly, Baier 

and coworkers [90] demonstrated that bovine microRNA-

29b, which is identical to their human ortholog 

(www.mirbase.org), increased in substantial amounts and in 

a dose-dependent manner in healthy milk consumers. Fur-

thermore, microRNA-29b increased in peripheral blood 

mononuclear cells (PBMCs) associated with a doubling of 

cellular microRNA-29b levels six hours after oral exposure 

2.2. MicroRNA-29b: Milk´s Inhibitor of BCAA Catabo-
lism? 
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to commercial cow´s milk [90]. Remarkably, milk consump-

tion evoked 30% changes in microRNA-29b target gene ex-

pression in human PBMCs [90]. From these data, it is con-

ceivable to suggest that bovine microRNA-29b may modify 

mRNA levels of its target DBT mRNA, which translates the 

functionally most important core component of the BCKD 

complex (Fig. 1).  

Why should milk inhibit BCAA catabolism? There is 

good reason to believe that milk provides a regulatory epige-

netic microRNA program that rescues valuable essential 

BCAAs from mitochondrial oxidation in order to favor their 

incorporation into important functional and structural pro-

teins required for growth and development. Leucine, iso-

leucine and valine are among the most hydrophobic amino 

acids, which are crucial determinants for hydrophobic clefts 

of enzymes and are important for the insertion of proteins 

such as receptors into cell membranes [143]. Hydrophobic 

residues are crucial for oxygen binding in hemoglobin and 

myoglobin and substrate binding of various enzymes [148]. 

Remarkably, surfactant protein B contains 37% of BCAAs 

(17.7% leucine) [149]. Leucine-rich transcription factors 

such as leucine zippers are most important for adequate regu-

lation of transcription and cell signaling [150]. It is thus con-

ceivable, that BCAA catabolism should be attenuated during 

the process of postnatal growth and development. From this 

perspective, it makes sense that milk provides a signal to 

switch off BCAA catabolism in order to increase BCAA 

levels for the formation of vitally important BCAA-

dependent proteins. Notably, in stored and refrigerated 

whole milk and 2% fat milk more than 50% of microRNA-

29b is preserved compared to unprocessed raw milk [93]. 

There is accumulating evidence that commercial milk 

consumption is associated with increased body mass index 

and obesity in humans and in a recently reported mouse 

model, which demonstrated increased mTORC1-S6K1 acti-

vation during bovine milk consumption [33,151-155]. In 

addition, milk-mediated transfer of microRNA-21, which 

induces adipogenesis [106,107], may function as a further 

mechanism that promotes the development of obesity, the 

most common comorbidity of T2DM. It has recently been 

demonstrated in db/db mice that long-term inhibition of mi-

croRNA-21 reduced obesity [156]. 

Remarkably, BCKD component transcripts were signifi-

cantly lower in subcutaneous adipocytes from obese versus 

lean Pima Indians [139]. Moreover, mRNA abundances for 

BCAA catabolic enzymes were markedly reduced in omental 

white adipose tissue of obese persons with metabolic syn-

drome compared with weight-matched healthy obese sub-

jects [139]. Lynch and Adams [157] recently concluded that 

attenuated mitochondrial BCAA metabolism, which appears 

to be a critical metabolic deviation in T2DM, is either caused 

by altered gene expression, mutations, or epigenetic factors 

that affect gene expression. Notbably, BCKDHA (branched-

chain -keto acid dehydrogenase), the gene encoding the 

regulated unit of BCKDC is one of the primary susceptibility 

genes identified that affected the risk of both T2DM and 

obesity [158].  

Nevertheless, genetic mutations cannot explain the 

worldwide and steady rise in diabetes prevalence. Thus, an 

epigenetic modifier such as a very common dietary factor 

may promote BCAA dysregulation of human beings. Bovine 

milk microRNA-29b-attenuated BCAA catabolism may be 

the missing overlooked epigenetic factor that is responsible 

for the epidemic of T2DM. 

2.3. Milk-microRNA-Mediated Insulin Resistance  

Milk contains substantial amounts of the microRNA let-7 

family (let-7a, let-7b, let-7c and let-7f) [85,89]. There is ac-

cumulating evidence that the Lin28/let-7 axis regulates glu-

cose metabolism [159]. Muscle specific loss of Lin28a, a 

developmentally regulated RNA-binding protein, and over-

expression of let-7 resulted in insulin resistance and impaired 

glucose tolerance in mice [159]. Intriguingly, let-7 targets 

are enriched for genes that contain SNPs associated with 

T2DM and fasting glucose in human genome-wide associa-

tion studies [159]. Lin28 selectively blocks the processing of 

pri-let-7 micoRNAs [160]. Notably, the restoration of the 

Lin28 protein blocked let-7 expression and restored glucose 

metabolism in adipose-derived stem cells derived from obese 

tissues [161]. The most interesting microRNAs in inflamma-

tory microvesicles in association with metabolic and cardio-

vascular diseases recently reported are the let-7 family, mi-

croRNA17/92 family, microRNA-21, microRNA-29, mi-

croRNA-126, microRNA-133, microRNA-146 and mi-

croRNA-155 [162], which exhibit a substantial overlap with 

the spectrum of bovine milk microRNAs [84-89]. 

Palmitate, the major fatty acid of milk fat, significantly 

increases the expression of microRNA-29a in myocytes 

[163]. MicroRNA-29a targets and suppresses mRNA of in-

sulin receptor substrate-1 (IRS-1) and attenuates IRS-1 ex-

pression. Ectopic expression of microRNA-29a thus impairs 

insulin signaling and glucose uptake in myocytes through a 

substantial decrease in IRS-1. Intriguingly, bovine milk con-

tains microRNA-29a [89], thus presents a putative exogene-

ous source of microRNA-29a-mediated suppression of insu-

lin signaling. The suppression of skeletal muscle insulin sig-

naling via milk-derived microRNA-29a transfer may spare 

insulin for more important anabolic purposes as skeletal 

muscle activity is rather low during the nursing period. In-

creased circulating blood levels of palmitate in obesity may 

induce palmitate-mediated microRNA-29a expression in 

skeletal muscle, which may be fortified by milk-derived 

palmitate as well as direct transfer of bovine milk mi-

croRNA-29a into the systemic circulation of the milk con-

sumer. MicroRNA-29a and let-7-family of bovine milk may 

thus promote microRNA-driven insulin resistance [159,164].  

3. BCAA-MTORC1-S6K1-MEDIATED INSULIN RE-
SISTANCE 

Fatty acids and their metabolites have been implicated in 

the development of insulin resistance and T2DM. However, 

metabolomics technologies revealed that BCAAs and related 

metabolites are more strongly associated with insulin resis-

tance than many common lipid species. Nevertheless, in 

animal feeding studies, BCAA supplementation required the 

background of a high-fat diet to promote insulin resistance 

[136].  

Palmitate-driven microRNA-29a-mediated suppression 

of IRS-1 in combination with increased BCAA levels may 

synergize in the induction of insulin resistance. Excessive 
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amounts of circulating BCAAs activate mTORC1 and its 

downstream substrate, the kinase S6K1 [23,33,165,166],
 

which reduces insulin signaling by inhibitory phosphoryla-

tion of IRS-1 [165-174].
 
BCAA-mediated insulin resistance 

is explained by enhanced mTORC1/S6K1-mediated inhibi-

tory phosphorylation of IRS-1 [142].  

4. MILK ACCOMPANIES THE LIFELONG MARCH 
TO DIABETES  

Accelerated fetal growth and increased birth weight are 

well-known risk constellations increasing the risk of T2DM 

and obesity later in life [175-177]. As medicine and nutri-

tional sciences still regard milk as a source of valuable pro-

teins, vitamins, and calcium, an increase (4 servings per day) 

of either milk or dairy products is recommended by most 

societies of gynecology and obstetrics during pregnancy 

[178]. Data from 50,117 mother-infant pairs of the Danish 
National Birth Cohort collected from 1996-2002 showed an 

increase of placental weight and birth weight across the 

whole range of milk intake [179]. The Generation R Study, a 

population-based prospective cohort study from fetal life 

until young adulthood in Rotterdam, investigated 3,405 

mothers during pregnancy [180].
 
Maternal milk consumption 

of >3 glasses (450 mL of milk) per day was associated with 

greater fetal weight gain in the third trimester of pregnancy, 

which led to an 88 g higher birth weight than that with milk 

consumption of 0 to 1 glass per day [180]. Notably, this as-

sociation was limited only to milk, whereas protein intake 

from nondairy food or cheese was not associated with in-

creased birth weight. A possible explanation for this finding 

is the presence of biologically active microRNAs in milk and 

their potential absence in processed and fermented milk 

products such as cheese [93]. Jiang et al. [94] recently de-

tected increased levels of microRNA-21 in placental tissue 

of mothers with macrosomal infants. Bovine microRNA-21 

transfer to the pregnant mother by milk consumption may 

overstimulate trophoblast mTORC1, which controls nutrient 

and BCAA transfer to the fetus [181-186]. A recent literature 

review provided translational evidence that milk consump-

tion during pregnancy but not fermented dairy products in-

creased placental and birth weight [187].  

After birth, high protein infant formula feeding maintains 

exaggerated BCAA-mTORC1 signaling associated with 

rapid weight gain [188-191]. Infant formula with higher pro-

tein versus formula with lower protein content has been 

linked to increased mTORC1 signaling [188,189], which is 

associated with higher weight gain velocity [190,191]. Im-

portantly, rapid weight gain in infancy has been related to an 

increased risk of T2DM [192]. Data derived from the Na-
tional Health and Nutrition Examination Survey (NHANES) 

1999-2004 confirmed that milk consumption in children in-

creased body mass index (BMI) [151] and induced earlier 

onset of menarche [193]. Increased BMI and early onset of 

menarche are both explained by milk-mTORC1-mediated 

anabolism, which obviously accelerates human growth tra-

jectories. Remarkably, early onset of menarche is a well-

known risk factor for the development of T2DM recently 

confirmed in a systematic review and meta-analysis [194]. 

Thus, there is good reason to assume that persistent bovine 

milk signaling deviates the physiological human axis of 

mTORC1 signaling during intrauterine and extrauterine life. 

5. MTORC1 INDUCES ENDOPLASMIC RETICU-
LUM-STRESS-MEDIATED -CELL APOPTOSIS 

To maintain appropriate -cell mass and -cell homeosta-

sis, a physiological level of mTORC1 signaling is required 

[195]. In order to adapt to the increased metabolic burden of 

obesity and insulin resistance, -cells increase mass by pro-

liferation, neogenesis and hypertrophy to enhance -cell 

function [195]. There is substantial evidence that ER-stress 

of chronically overacticated -cells results in early -cell 

apoptosis, the hallmark of T2DM [196-198]. Studies in hu-

mans indicate that glucose intolerance appears after 20% 

reduction in -cell mass, while overt diabetes develops with 

65% reduction [199]. Pancreatic -cells have a heavy en-

gagement in insulin synthesis (> 50% of total protein synthe-

sis) and express high levels of the ER-stress transducers eu-

karyotic translation initiation factor 2-alpha kinase 3 

(EIF2AK3) and endoplasmic reticulum-to-nucleus signaling 

1 (ERN1), which induce the unfolded protein response 

(UPR) [197]. Recent evidence supports the concept that hy-

peractivation of the UPR is closely related to -cell dysfunc-

tion and apoptosis [196,197].  

ER-stress and -cell dysfunction have been related to in-

creased lipotoxicity [198]. The saturated fatty acid palmitate, 

the most abundant fatty acid of milk lipids, has been impli-

cated to play a major role in -cell apoptosis [199]. Glucose 

amplifies fatty acid-induced ER-stress in pancreatic -cells 

via activation of mTORC1 [200]. Notworthy, palmitate and 

BCAAs are both able to activate mTORC1 on lysosomal 

compartments [43]. 

Importantly, increased mTORC1 singaling upregulates 

the ER-stress response [201]. mTORC1-driven ER-stress has 

been associated with the induction of apoptosis [202-204]. 

Ozcan et al. [203] convincingly demonstrated that increased 

mTORC1 activity (due to loss of TSC suppressors) triggered 

UPR-driven apoptosis. Upon prolonged ER-stress, mTORC1 

contributes to apoptotic signaling by suppressing the survival 

kinase AKT through feedback inhibition [205]. 

Apparently, in a vicious cycle, ER-stress via induction of 

eIF2 -P/activating transcription factor-4 (ATF4) signaling 

stimulates the expression of LAT thereby enhancing intra- -

cell leucine levels that further stimulate mTORC1 signaling 

during ER-stress [204,206] (Fig. 1). Han et al. [207] demon-

strated that ER-stress via ATF4 and DNA damage-inducible 

transcript 3 (DDIT3) upregulation increased protein synthe-

sis leading to cell death.  

ER-stress stimulates autophagy as an adaptive response 

to clean up terminally misfolded proteins from the ER [198] 

(Fig. 1). It is well established that mTORC1 is a negative 

regulator of autophagy [208,209]. Remarkablly, it has been 

shown that stimulation of autophagy improved ER-stress-

induced diabetes in a mouse model [210]. Furthermore, inhi-

bition of mTORC1 during ER-stress increased autophagy 

and attenuated apoptosis [211].  

Thus, persistent milk-mediated overstimulation of -cell 

mTORC1 may promote chronic ER-stress promoting -cell 

apoptosis, the hallmark of T2DM. In fact, persistent 

mTORC1 activation of -cells in -cell TSC2
-/-

 mice resulted 

in a biphasic response with hyperinsulinemia and hypogly-

cemia at young ages (4-28 weeks) and hypoinsulinemia and 
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hyperglycemia due to enhanced -cell apoptosis in adult 

mice [212]. These findings are in accordance with the obser-

vations of Ozcan et al. [203], who found enhanced UPR sig-

naling in cells lacking TSC2. This experimental constellation 

thus resembles chronic milk-mediated mTORC1 hyperacti-

vation, which apparently provides a most critical mechanism 

promoting early death of -cells in milk consuming societies 

(Fig. 1).  

6. ARE MILK-DERIVED MICRORNAS DIABETO-
GENIC? 

It is predicted that more than 30% of human genes are 

regulated by microRNAs. There is most recent scientific 

interest in the influence of microRNAs in the regulation of 

insulin signaling pathways and insulin resistance in type 1 

and type 2 diabetes [213-217]. As milk promotes insulin 

secretion and mTORC1-driven growth, it is most conceiv-

able that milk-derived exosomal microRNAs that reach the 

systemic circulation [90] may be taken up by the pancreatic 

-cell to modify translation during the period of lactation and 

milk feeding.  

The -cell must respond immediately to changes of blood 

glucose levels and thus has an intimate connection to the 

systemic blood circulation. To facilitate this connection, the 

-cells of the islets of Langerhans are embedded in a dense 

capillary network. Notably, islet capillaries show about ten 

times more fenestration than those within the exocrine tissue 

and are highly permeable [218-220]. Endothelial cell fenes-
trae produce a pore of about 100 nm in diameter and allow 

rapid passage of macromolecules [220].  

There is recent evidence that -cells release microRNA-

containing exosomes [221,222]. It is thus conceivable, that 

milk exosomes, which have a size of 50-100 nm, may reach 

the -cells from the systemic circulation. The purpose of 

milk-mediated exosomal microRNA signaling may be the 

stimulation of -cell growth and insulin secretion during the 

postnatal growth period, which requires an adaptation of the 

infant´s -cell mass to fulfill increased insulin demands. 

However, persistent milk-driven microRNA signaling may 

deteriorate -cell homeostasis.  

Notably, the microRNA-29 family, which consists of mi-

croRNA-29a, b, and c, has been identified as diabetic mi-

croRNA markers [223]. MicroRNA-29a has been identified 

as one of the microRNAs that was upregulated in the serum 

of children with type 1 diabetes [224]. microRNA-29 has 

pro-apoptotic functions and is involved in renal and cardio-

vascular injury [225], common complications of T2DM.  

MicroRNA-29b downregulates the expression of the anti-

apoptotic protein myeloid cell leukemia 1 (Mcl-1) [226]. In 

non-obese diabetic (NOD) mice, upregulation of microRNA-

29a, b, and c caused pancreatic -cell death via suppression 

of Mcl-1, an essential member of the pro-survival Bcl-2 fam-

ily genes [227]. Thus, the microRNA-29-Mcl-1 axis may 

thus play a role in the pathogenesis of diabetes and may con-

tribute to -cell dysfunction in prediabetic NOD mice [227]. 

Furthermore, studies on microRNA expression in skeletal 

muscles of Goto-Kakizaki (GK) rats, a non-obese model of 

T2DM, identified upregulated microRNA-29a and mi-

croRNA-29b in these diabetes animals compared to control 

animals [228]. Intriguingly, increased urinary levels of mi-

croRNA-29a, b, and c have been detected in patients with 

T2DM [229]. Thus, upregulation of the microRNA-29 fam-

ily may be involved in the pathogenesis of type 1 and type 2 

diabetes.  

The systemic uptake of microRNA-29 by consumption of 

“fresh” commercial milk may augment diabetogenic mi-

croRNA-29 signaling. Bovine milk microRNA-29a by tar-

geting the mRNA of insulin receptor substrate-1 (IRS-1) 

enhances insulin resistance [163]. Milk microRNA-29b by 

targeting the mRNA of DBT, the critical core component 

that assembles the BCKD complex [146], may explain in-

creased BCAA-mTORC1-S6K1-mediated insulin resistance. 

Furthermore, by targeting Mcl-1 of -cells, milk-derived 

microRNA-29b may promote early -cell apoptosis (Fig. 1). 

Persistent activation of mTORC1 may impair -cell auto-

phagy, augmenting ER-stress-induced -cell apoptosis. 

However, as a feedback mechanism, mTORC1 has been 

shown to promote cell survival through translation of Mcl-1 

[230].  

7. EPIDEMIOLOGY OVERLOOKS THE IMPACT OF 
MILK´S MICRORNAS   

The majority of epidemiological studies show that “dairy 

consumption“ in general is inversely related to the risk of 

T2DM [231-235]. Rice and coworkers recommend the intake 

of more than three servings of dairy per day to reduce the 

risk of T2DM [236]. It is of most critical concern that most 

cohort studies do not accurately differentiate milk from other 

fermented dairy products. There are only few studies that 

selectively analyse the association between milk consump-

tion and T2DM [237-242]. Surprisingly, milk, the starting 

material of all other processed dairy products does not con-

vincingly exhit diabetes-protective effects as observed with 

fermented or processed milk products such as yoghurt. Liu et 
al. [237] prospectively examined the incidence of T2DM in 

37,183 women in relation to the number of skim milk and 

whole milk servings and found no significant decrease in 

diabetes risk. Elwood et al. [238] studied 2,375 men of the 

Caerphilly cohort. Milk intake showed no significant trend 

with incident diabetes. Villegas et al. [239] investigated 

64,191 women of the Shanghai women cohort and reported a 

significant decrease in diabetes risk in women consuming > 

200 g milk/day versus none. Kirii et al. [240] analysed 

59,796 men and women of a Japanese cohort and found no 

significant risk for diabetes for milk consumption in men, 

whereas women exposed to > 200 g milk/day showed a trend 

to lower diabetes risk, although not reaching statisitical sig-

nificance. The Physicians´ Health Study [241] (21,660 men) 

exhibited a significant increase in diabetes risk. Less than 1 

serving of whole milk/week was associated with a diabetes 

prevalence of 1.7% and > 2 servings/week with 2.6% 

(p<0.001), respectively. For skim/low fat milk the diabetes 

percentages were 1.6 and 2.3 (p<0.001) respectively [241].  

The worldwide largest prospective study investigating 

the type of dairy product intake and incident T2DM is the 

European Prospective Investigation into Cancer and Nutri-
tion (EPIC)-InterAct study [242], a nested case cohort within 

8 European countries (n=340,234). Although, the pooled 

hazard ratios (HRs) demonstrated only a slight but not sig-
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nificiant increase of diabetes risk in relation to increased 

milk intake, HRs of individual countries showed substantial 

variations. Higher diabetes risks (HR > 1) were observed in 

the French, Italian, UK, German and Swedish cohorts, 

whereas the Netherlands and Denmark exhibited HR=1 (Fig. 

2). Only Spain (UHT milk consumption > 96% of total milk 

consumption [243]) exhibitied a HR < 1 [242]. Sluijs et al. 
[242] convincingly concluded that the findings for milk and 

diabetes risk remain inconclusive and require further re-

search of the associations with various types of milk.  

Differences in heat exposure and time during milk proc-

essing may modify the biological activity of bovine mi-

croRNAs. High temperature short time (HTST) pasteuriza-

tion (72°C, 15 sec), and UHT processing (140°C, 14 sec) 

may have different effects on the bioactivity of milk´s 

exosomal microRNAs. Furthermore, milk processing by the 

consumer prior to use (boiling or microwave treatment) is 

also of critical importance to evaluate milk microRNA-

mediated effects on human health [93]. 

DISCUSSION 

“Milk and sugar” are the inseparable and most common 

food items on everyman´s table in Western societies. It is 

known for a long time, that the addition of milk to a low gly-

cemic carbohydrate meal exaggerates the insulinemic re-

sponse comparable to that of a hyperglycemic carbohydrate 

meal [244]. Thus, milk intake is an overlooked metabolic 

burden of the -cell that increases ER-stress. However, in 

comparison to glucose, milk´s origin and function differ. 

Milk is the secretory product of the lactation genome of a 

mammalian species that executes a sophisticated growth 

program designed to upregulate anabolic mTORC1 signaling 

of the milk recipient, the species-specific newborn mammal. 

Milk maintains an intimate molecular crosstalk with the pan-

creatic -cell via stimulation of incretin signaling and trans-

fer of abundant insulinotropic BCAAs that increase insulin 

synthesis and secretion by upregulation of -cell mTORC1 

activity. Furthermore, milk provides a microRNA signaling 

software. By transfer of the bovine exosomal microRNA-29 

family, milk apparently attenuates BCAA catabolism, a 

meaningful metabolic deviation that favors BCAA incorpo-

ration into functionally important proteins during postnatal 

development. However, this metabolic deviation increases 

BCAA-mTORC1-driven -cell ER-stress as well as BCAA-

mTORC1-S6K1-driven insulin resistance of peripheral tis-

sues. 

In mammals, milk signaling generally is limited to the 

physiological nursing period, except the Neolithic Homo 

sapiens, who introduced milk consumption 8000-10,000 

years ago into his food chain [245,246]. Noteworthy, hu-

mans of the early Neolithic period consumed preferentially 

fermented milk and milk prodcuts [245,246]. Whereas lac-

tase persistence in most Europeans resulted from LCT muta-

tions during the early Neolithic period [247], most Asian 

populations are still lactose intolerant. However, the dairy 

industry is able to bypass physiological lactose intolerance in 

humans by treating milk with exogeneous microbial lactase 

( -galactosidase) [248].  

The Chinese transition to the Western dietary lifestyle is 

reflected by the Hong Kong Dietary Survey [249]. In this 

cohort, a dietary pattern with “more meat and milk products” 

was associated with a 39 % greater risk of diabetes [249]. In 

Europe as well, higher animal protein (milk protein plus 

meat protein) consumption has been associated with a higher 

prevalence of T2DM compared to plant-derived protein in-

take [250].  

Most recent evidence has been provided that fermenta-

tion such as in yoghurt or cheese production destroys or at-

tenuates the exosomal microRNA signaling of milk [93]. 

 

Fig. (2). Hazard ratios (HRs) (and 95% CIs) for the association of milk consumption with diabetes risk (highest compared with lowest quin-

tile) per European country of the EPIC-InterAct Study (n=340,234) according to the Sluijs et al. [242] with permission the American Society 

of Nutrition. Notably, 80.3% of the EU population (France, Italy, UK, Germany, Sweden) exhibited an increased diabetes risk in relation to 

milk consumption, whereas 6.4% (Netherlands, Denmark) showed no correlation and 13.3% (Spain) exhibited an inverse association. 
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Populations that gained mutations of the lactase gene result-

ing in lactase persistance have lifelong access to fresh milk 

containing both the amino acid hardware and microRNA 

software of milk. Modern populations experienced a further 

boost of “milk doping” and growth acceleration by the wide-

spread distribution of refrigeration technology since the early 

1950´s. With the intention to preserve valuable bioactive 

ingredients of milk such as vitamins, pasteurized fresh milk 

prodcuts reached the daily food chain of the modern con-

sumer. This unnoticed change exposed people of technologi-

cally developed societies to daily microRNA signaling of 

milk [15,90,93]. Indeed, since the introduction of the refrig-

erator into our households the prevalence of diseases of civi-

lization increased progressively. Persistent “abuse” of an 

mTORC1 sigaling system designed by mammalian evolution 

to operate only during the early postnatal growth phase of 

life may be a key mTORC1-dependent mechanism promot-

ing age-related diseases of cilvilization such as obesity, 

T2DM, cancer, and neurodegenerative diseases [8-15]. The 

presented concern about the association of milk consumption 

and diseases of civilization is in accordance with recent re-

sults of Michaëlsson et al. [251], who reported a higher mor-

tality in two large Swedish cohorts of men and women with 

high intake of milk but not fermented or processed dairy 

products. Furthermore, the authors observed a correlation 

between milk intake and serum levels of the inflammatory 

cytokine interleukin 6 (IL-6) [251], which is also increased 

in patients with T2DM [252]. Experimental evidence under-

lines that exposure of -cells to IL-6 induces early -cell 

death [253]. Milk-mediated IL-6 signaling may be the con-

necting piece that links milk consumption with low grade 

inflammation that promotes -cell failure and early -cell 

apotosis [3-5]. Remarkably, -cells express IL-6 receptors, 

which after ligand binding induce phosphorylation of signal 

transducer and activator of transcription-3 (STAT3) [254]. 

Notably, activated STAT3 promotes the expression of mi-

croRNA-21 [255-257]. Furthermore, IL-6-mediated activa-

tion of mTORC1 [258] may further increase ER-stress-

mediated -cell apoptosis. 

Milk´s biological function as a BCAA- and microRNA-

donating system for mTORC1-driven growth may explain 

accelerated ageing and increased mortality with persistent 

milk consumption [251]. As early as 1934, McCay and 

Crowell
 
[259] provided translational evidence that slower 

growth favours longevity of various animal species.  

Remarkably, comorbidities of T2DM such as ischemic 

heart disease have been associated with milk consumption 

[260], whereas populations with a high prevalence of lactose 

malabsorption, whose milk intake is low, have a reduced risk 

of ischemic heart disease than populations with low (<30%) 

lactose malabsorption [261].
 
In another large recent Swedish 

cohort study, subjects with lactose intolerance had decreased 

risks of lung, breast, and ovarian cancer [262]. Increased 

whole milk intake has also been associated with prostate 

cancer-specific mortality among U.S. male physicians [241]. 

Activated mTORC1 signaling plays a pivotal role in the 

initiation and progression of prostate cancer [263,264].
 
Thus, 

persistently over-activated mTORC1, milk´s crucial biologi-

cal function, accelerates aging and the onset of age-related 

diseases of civilization [8-15]. 

Evidence accumulates that the widely prescribed anti-

diabetic drug metformin functions as an inhibitor of 

mTORC1 signaling [265]. Intriguingly, the mTORC1 inhibi-

tor metformin not only controls T2DM, but also reduces the 

risk of cancer [266], and apparently prolongs life span in 

humans [267]. Metformin thus counteracts milk-mediated 

activation of mTORC1. 

From the perspective of evolutionary biology, milk con-

sumption represents a novel human behavior that could exert 

adverse long-term health effects [151]. Continued overstimu-

lation of mTORC1 signaling in humans due to persistent 

consumption of milk may accelerate aging of the -cell asso-

ciated with -cell apoptosis. Half a century ago, the antago-

nistic pleiotropy theory solved the mystery of aging by pos-

tulating genes beneficial early in life at the cost of aging 

[268]. Early in life, milk via mTORC1 activation drives a 

developmental program, which persists later in life as an 

aimless quasi-program of aging and age-related diseases 

[268]. In this regard mTORC1 signaling works as pacemaker 

of aging [269]. In order to prevent age-related diseases such 

as T2DM Kapahi et al. [269] suggested to reduce mTORC1 

signaling: “with TOR less is more” (Fig. 3). 

Refrigeration technology has been implemented into 

Western households since the 1950´s. This technological 

achievement allows daily and widespread access to bioactive 

bovine microRNAs that may affect more than 11,000 human 

genes [90]. This unnoticed change in human nutrition appar-

ently plays a major role in the pathogenesis of mTORC1-

driven T2DM and its mTORC1-driven comorbidities. It is of 

critical concern that in Western societies milk-driven 

mTORC1 signaling starts already during fetal life (maternal 

milk consumption during pregnancy), is further promoted by 

high protein infant formula feeding, maintained by school 

milk intake during adolescence, and continued into adult-

hood and senescence.  

Despite the lack of sound evidence powered by random-

ized controlled trials [270], industry-associated authors still 

proclaim milk as a “source of healthy nutrition” preventing 

diseases of civilization such as T2DM [271,272]. Future ran-

domized controlled trials have to differentiate the health ef-

fects of pasteurized, HTST versus UHT milk and fermented 

dairy products in relation to their microRNA bioactivity, 

especially of the diabetogenic microRNA-29 family.  

At present, no epidemiological study has considered the 

impact of biologically active milk microRNAs in relation to 

obesity and T2DM. The adipogenic and diabetogenic risk of 

fresh pasteurized milk has to be differentiated from UHT 

milk and fermented milk products such as yoghurt. Notably, 

Howard et al. [93] detected only trace amounts of mi-

croRNA-29b in yoghurt. The inactivation of diabetogenic 

microRNAs during the fermentation process may explain the 

reduced risk of T2DM in association with yoghurt intake 

[273,274]. Hyperactivated -cell mTORC1 signaling in 

combination with milk-derived diabetogenic microRNAs 

superimposed by high glucose and palmitate-driven 
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mTORC1 signaling may in a synergistic fashion accelerate 

ER-stress and early -cell apoptosis resulting in its final 

clinical outcome: type 2 diabetes mellitus (Table 1). 
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LIST OF ABBREVIATIONS 

ATF4 = Activating Transcription Factor 4 

BCAA = Branched-Chain Amino Acid 

Fig. (3). Schematic representation of milk-mediated disturbances of -cell homeostasis. Persistent milk signaling overactivates -cell 

mTORC1 promoting endoplasmic reticulum (ER)-stress resulting in early -cell apoptosis leading to type 2 diabetes. Metformin treatment 

attenuates nutrient (milk)-driven overstimulation of mTORC1. Rapamycin treatment inhibits mTORC1 resulting in -cell suppression and 

diabetes. Long-term -cell survial and optimized -cell homeostasis requires an appropriate well balanced magnitude of -cell mTORC1 

signaling. 

Table 1. Potential diabetogenic mediators of cow´s milk consumption. 

Component of Milk  Potential Diabetogenic Mechanism References 

Leucine, other BCAAs, and whey peptides -cell mTORC1 activation, whey-driven incretin secretion, whey pep-

tide-mediated inhibition of dipeptidyl peptidase IV increasing incretion 

activity leading to exaggerated insulin production, ER-stress, early -

cell apoptosis  

[16-19, 39, 52, 58, 59, 61, 62, 

195, 203] 

Glutamine  Activation of -cell mTORC1 via the glutaminolysis pathway, glu-

tamine-mediated leucine uptake, leucine-driven mTORC1 activation 
[16, 41, 42]  

Palmitate  -cell mTORC1 activation, ER-stress driven by lipotoxicity and hyper-

activated mTORC1, ER-stress 
[43, 200] 

MicroRNA-21 Inhibition of translation of tumor suppressor proteins (PTEN, Sprouty, 

PDCD4), increased mTORC1 signaling; inhibition of FOXO1 promot-

ing -cell proliferation and enhanced oxidative stress leading to -cell 

apoptosis 

[15, 108, 110, 116, 117] 

MicroRNA-29a Suppression of IRS-1 translation enhancing insulin resistance [163] 

MicroRNA-29b Suppression of BCAA catabolism enhanching BCAA-driven mTORC1 

signaling; suppression of anti-apototic Mcl-1 translation, early -cell 

apoptosis 

[90, 93, 146, 226, 227] 

Let-7b Impairment of glucose homeostasis [159] 

Casomorphin 4 Neurogenic stimulation of insulin secretion enhancing ER-stress [64] 

Number  
of insulin- 
secreting 
β-cells  

β-cell mTORC1 activity 

Optimal β-cell 
homeostasis 

Milk 

Rapamycin        Metformin  

ER stress  
β-cell apoptosis 

Rapalog-induced 
β-cell suppression 

�  low                         normal                      high 
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BCKDHA = Branched-chain Keto Acid Dehydro-

genase 

BCKDK = Branched-chain -Keto Acid Dehydro-

genase Kinase  

Bcl2 = B-cell CLL/lymphoma 2 

DBT = Dihydrolipoamide Branched-Chain 

Transacylase 

DDIT3 = DNA Damage-Inducible Transcript 3 

DLD = Dihydrolipoamide Dehydrogenase 

DPP-IV = Dipeptidyl Peptidase IV  

4E-BP-1 = Eukaryotic Translation Initiation Factor 

4E-Binding Protein 1  

EIF2AK3 = Eukaryotic Translation Initiation Factor 

2-alpha Kinase 3 

EPIC = European Prospective Investigation into 

Cancer and Nutrition 

ER = Endoplasmic Reticulum  

ERN1 = Endoplasmic Reticulum-to-Nucleus 

Signaling 1 

FOXO1 = Forkhead Box Class O1 

GDH = Glutamate Dehydrogenase 

GIP = Glucose-Dependent Insulinotropic 

Polypeptide 

GLP-1 = Glucagon-like Peptide-1 

HTST = High Temperature Short Time 

IGF-1 = Insulin-Like Growth Factor-1  

IGF1R = Insulin-Like Growth Factor-1 Receptor  

IL-6 = Interleukin 6 

IR = Insulin Receptor 

IRS = Insulin Receptor Substrate  

PI3K = Phosphoinositol-3 Kinase 

LCT = Lactase Gene 

LAT = L-type Amino Acid Transporter 

Let-7 = microRNA let-7 

Leu = Leucine  

MicroRNA = Micro-ribonucleic Acid 

Mcl-1 = Myeloid Cell Leukemia Sequence 1 

mTORC1 = Mechanistic Target Of Rapamycin 

Complex 1 

NHANES = National Health and Nutrition Exami-

nation Survey 

NOD = Non-obese Diabetic 

PDCD4 = Programmed Cell Death 4 

PTEN = Phosphatase And Tensin Homolog 

RHEB = RAS Homolog Enriched in Brain 

S6K1 = Ribosomal Protein S6 Kinase, 70-kD 

Kinase 1 

STAT3 = Signal Transducer and Activator of 

Transcription 3 

T2DM = Type 2 Diabetes Mellitus 

TSC2 = Tuberin  

UHT = Ultra-heat Treated 

UPR = Unfolded Protein Response 

UTR = 3´-Untranslated Region 
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