
In 1988 a Stanford University professor, the

American endocrinologist Gerald Reaven [1], turned his

attention to the connection between the disorders of car-

bohydrate and lipid metabolism and cardiovascular dis-

eases such as arterial hypertension and coronary heart

disease. He described the complex of pathological factors

(which he called “syndrome X”) often found in people

suffering from diseases of the cardiovascular and

endocrine systems. He also suggested reduced tissue sen-

sitivity to insulin to be at the root of all these problems. It

is commonly believed that this was the starting point for

the large-scale study of the most complex pathological

complex known as “metabolic syndrome” (MS).

So, what exactly is metabolic syndrome? Here is how

this concept is described by a publication of the World

Health Organization (WHO): “When a person has central

obesity (too much weight around the waist), abnormal

blood fat levels (e.g. high triglyceride level or low HDL

cholesterol), high blood pressure and high blood sugar at

the same time, this is known as metabolic syndrome” [2].

WHO reports that people with MS have increased risk of

the development of diabetes, heart disease, and stroke. It

is quite clear that it was not by chance that all the above-

listed factors – accumulation of fat around the waist,

increased level of triglycerides and glucose in blood, high

blood pressure – have been grouped together. They were

so often found in the same people that finally doctors

around the world paid attention to it, and subsequently

medical organizations gained the right to bring them

together and call them a syndrome, i.e. a group of factors

that occur together more often than individually. Today,

the prevalence of this syndrome is so high that it is

referred to as “epidemic” in some international docu-

ments. This situation encourages the world medical com-

munity to pay more attention to this issue, and as a result

MS has become by far one of the most studied and debat-

ed problems in modern medicine. Several years ago an

international institute was organized dedicated solely to

the study of this syndrome, and in April 2005 the I

International Congress on MS was held in Germany.

What is the cause of such widespread MS and what

leads to the development of this syndrome? Detailed

analysis of the development of the entire pathological

chain allows us to conclude that two interrelated adverse

factors, unhealthy excessive diet and limited mobility, are

the basis of all of the MS.

Already for many years we have been hearing the

words of doctors and scientists about lack of exercise and
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improper diet being the cause of various bodily disorders.

However, when not backed by hard evidence, such state-

ments seem vague and do not have much effect on people.

It was only in recent years that scientists have been able to

clearly identify and describe this connection. It all starts

from high-calorie food rich in simple carbohydrates

(white bread, biscuits, fried potatoes, sugary drinks, etc.)

and unhealthy saturated fats (present in pork, sausages,

ham, pastries, butter, sour cream, etc.) In time, such a

diet leads to fat being deposited in the body. Because of

our topic, we will be particularly dealing with the abdom-

inal (or central) obesity – folds of fat around the waist.

Today it is perhaps easier to meet on the street a

“Bigfoot” or a living mammoth that a person over 45

years of age without fat deposits in the waist area. And if

such a deposit did not turn into hypertrophied excess

weight with a strongly protruded belly, then, as a rule, the

majority of people consider such a phenomenon to be

quite normal. In fact, often a person with some fat reserve

can feel healthy and have a youthful appearance for many

years. And yet, this abdominal (or central) obesity can

serve as a clear signal that a person left the “road” of bod-

ily healthy state and embarked on the path of various ail-

ments and disorders, and their development is only a

matter of time.

Why is it so obvious? The so-called insulin resistance

is the cause of everything. Fatty waist folds reveal better

than any analysis the problems with normal susceptibility

of cells to insulin and the ability of glucose to penetrate

into cells; it is because of these problems that carbohy-

drates, instead of compensating energy consumption and

being deposited in muscles and liver, turn into fat and are

deposited in adipose cells. However, waist folds prove to

be only the visible part of an iceberg. Most commonly fat

folds are accompanied by an internal, so-called visceral

obesity, when fat deposits cover internal organs in the

abdominal cavity. It is this phenomenon that was shown

to be the most dangerous; it was also shown to be the

main pathogenic factor of the most serious functional dis-

orders.

Abdominal obesity plays such a purely negative role

because, as it was discovered quite recently, adipose tissue

is not a passive “warehouse” of accumulated fat, but an

active endocrine organ capable of drastic interference

with metabolic processes [3]. Recent research has shown

fat deposits to produce many active compounds called

“adipose derived hormones” or, shortly, adipokines [4];

these compounds include adiponectin, resistin, inter-

leukin-1 and -6 (IL-1, IL-6), leptin, tumor necrosis fac-

tor-α (ΤΝF-α), vaspin, visfatin, omentin, apelin, etc.

Adipokines fulfill important regulatory, proinflammatory,

immunomodulatory, and other functions.

It was in the middle of the last century that scientists

first noticed that obesity and disorders in carbohydrate

metabolism were accompanied by an increase in the lev-

els of certain compounds in blood that was difficult to

explain. Large-scale studies began only after the discovery

in 1993 of TNF-α produced by adipocytes [5]. This

research led to the understanding of the possible disas-

trous role of adipose tissue. The last doubts disappeared

when obesity and insulin resistance were shown to be

accompanied by a stable increase of the level of C-reac-

tive protein, one of the most sensitive and widely recog-

nized indicators of inflammation [6]. As of today, several

dozens of adipokines have been discovered and studied.

Let us briefly discuss some of them.

Leptin, one of the most thoroughly studied adipo-

kines, was discovered in 1994 [7]. Regulation of metabo-

lism of fatty acids by tissues due to activation of AMP-

activated protein kinase is the main function of leptin. It

also supports regulation of energy homeostasis and body

weight control by reducing the synthesis and release of

neuropeptide Y, which causes the feeling of hunger [8].

Leptin receptors are activated in the hypothalamus,

which plays an important role in the integration of infor-

mation on consumed food, the amount of energy stored

as fat, glucose level in blood (these data support regula-

tion of nutrition); data on energy accumulation and con-

sumption are also gathered in the hypothalamus. Once

leptin activates the receptors, orexigenic pathways, asso-

ciated with neuropeptide Y (NPY) and agouti-related

peptide (AGRP), are suppressed and the anorexigenic

pathways associated with proopiomelanocortin (POMC)

and cocaine- and amphetamine-regulated transcript

(CART) are induced [9].

In obesity, the entire physiological activity of leptin is

distorted, and leptin resistance develops. Leptin resist-

ance is assumed to be caused by disturbances in leptin

transport and the ObRb signaling pathway, which

includes overexpression of the suppressor of signaling

pathway 3 (SOCS3), the inhibitor of the leptin signaling

pathway [10]. Hypothalamic receptors stop responding to

leptin, its level increases, which normally should result in

the suppression of the feeling of hunger by blocking neu-

ropeptide Y. However, it does not happen in obese people

and the feeling of hunger does not decrease. Leptin level

grows; it stimulates cellular immune response and causes

proinflammatory reaction. Hyperleptinemia has been

also found to stimulate the sympathoadrenal system,

which, in turn, leads to increased blood pressure.

Reduction of leptin sensitivity in the brain leads to accu-

mulation of excessive amounts of triglycerides in adipose

tissue as well as in muscles, liver, and pancreas, which dis-

rupts the sensitivity of these tissues to insulin.

Resistin was discovered in 2001 by a group of scien-

tists from the University of Pennsylvania (C. M. Steppan

et al.); it was named “resistance hormone” [11]. These

authors showed rosiglitazone, which increases tissue sen-

sitivity to insulin, to significantly suppress resistin synthe-

sis [11]. The following year, a group of Japanese scientists

in experiments on obese mice showed the existence of an

interconnection between increased resistin level and the
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suppression of insulin-mediated glucose uptake by target

tissues [12]. The increase in resistin level was also shown

to contribute to obesity: administration of exogenous

resistin caused a steady increase in body weight in mice.

Today, resistin level is assumed to play a significant role in

obesity, insulin resistance, and also in the development of

vascular disorders in humans.

Tumor necrosis factor-α (TNF-α) is perhaps the most

pernicious enzyme of all presently known adipokines.

This multifunctional proinflammatory cytokine synthe-

sized by monocytes, macrophages, lymphocytes, hepato-

cytes, fibroblasts, and endothelial, epithelial, and other

cells as well as by adipose tissue was discovered by E.

Carswell et al. in 1975 in the serum of mice injected with

bacterial products [13]. TNF-α has a self-stimulating

effect and stimulates neighboring cells; it is also an

endogenous pyrogen, i.e. a compound capable of causing

pyrogenic effects – fever.

The natural physiological function of TNF-α is to

form an inflammatory response to any pathogen pene-

trating the organism. It causes an increase in blood vessel

diameter in the infected area and a local increase in blood

flow, which prevents reproduction of harmful microor-

ganisms. It concentrates functionally important proteins

(immunoglobulins and others) in the infected area by

increasing the blood vessels permeability and local fluid

accumulation; it also enhances the flow of phagocytes to

the inflammation area [14].

Fat deposits directly contribute to TNF-α changing

from an organism defender to a destructive “aggressor”.

Already in 1993 adipose cells were shown to produce

TNF-α [5]. Increased TNF-α level plays an important,

and perhaps even a leading role in reducing tissue sensi-

tivity to insulin and developing of inflammatory process-

es. Numerous studies have been conducted that describe

these processes in detail [15].

In liver cells, TNF-α violates carbohydrate and fat

metabolism and exacerbates insulin resistance by sup-

pressing the expression of genes responsible for glucose

absorption and increasing the expression of genes regulat-

ing synthesis of fatty acids. It also contributes to similar

processes in adipose tissue: suppression of the activity of

genes involved in glucose metabolism and simultaneous

increase in the activity of genes responsible for accumula-

tion of triglycerides and adipogenesis. TNF-α disrupts

normal functioning of the insulin receptor cascade and

hampers glucose absorption by cells due to serine kinase

activation in the substrate of insulin receptor-1 (IRS-1).

High concentration of TNF-α also causes increased pro-

duction of free radicals, such as hydrogen peroxide and

others, which leads to oxidative stress [16].

Interleukin-6 (IL-6) is a cytokine, which, similarly to

TNF-α, is involved in the activation of the immune sys-

tem and repair mechanisms in case of inflammation and

exposure to bacterial endotoxins, as well as during heavy

physical exertion and various injuries. It is synthesized by

activated macrophages and T-cells, endothelial cells,

fibroblasts, and muscle and adipose tissues. It is involved

in differentiation of B-lymphocytes and their transforma-

tion into immunoglobulin-secreting plasma cells; it also

stimulates proliferation of cytotoxic T-lymphocytes,

which directly destroy foreign objects [17].

IL-6 belongs to the category of early inflammation

mediators, as its active synthesis starts immediately after

exposure of cells to harmful bacteria and viruses. In the

case of acute inflammatory processes, IL-6 level in blood

plasma can be increased by several hundreds of times

when compared to usual level in healthy people. Adipose

tissue produces up to one third of IL-6 circulating in an

organism, increasing its normal level almost 100 times

and turning this useful cytokine into a harmful one. Such

an increased IL-6 level significantly suppresses insulin

activity in adipocytes and hepatocytes: similar to TNF-α,

it suppresses normal function of the substrate of insulin

receptor and glucose transporter GLUT-4 and conse-

quently leads to insulin resistance. IL-6 inhibits the for-

mation of one of the “useful” adipokines – adiponectin,

which increases tissue sensitivity to insulin and improves

glucose absorption by cells; it also simultaneously stimu-

lates the synthesis of TNF-α, which proves to be a patho-

logical factor in the progression of insulin resistance [18].

To understand how adipokines disrupt the normal

function of insulin receptor, let us first describe this

receptor and its functioning. An individual human cell is

the beginning of human life and the last frontier of its

security. It is not an easy task – to penetrate into the cell,

and only physiologically vital compounds can easily do it.

The cell membrane protects the cell from being penetrat-

ed by foreign objects. Receptors on the cellular surface

play the role of “keys” opening the cell to needed com-

pounds.

The insulin receptor consists of two extracellular α-

subunits and two intracellular and transmembrane β-sub-

units; it belongs to the family of tyrosine kinase receptors

because its intracellular part consists of an enzyme called

tyrosine protein kinase. This part of the receptor contains

a large number of tyrosine and serine residues. Once

insulin is connected to the extracellular receptor part,

tyrosine residues are activated by phosphorylation.

Phosphorylation is probably the most common way to

control the activity of proteins that regulate various intra-

cellular processes. After interaction with insulin,

autophosphorylated tyrosine residues transmit signal to

other enzymes that constitute a signaling path providing

glucose transport into the cell. Phosphate is transferred

along the chain to the next signaling protein, which, in

turn, transmits the bound phosphate further on, to the

next protein, and so it moves into the cell until it reaches

the final goal of the cascade – activation of phos-

phatidylinositol-3-kinase and moving of the special

transporting protein GLUT-4 into the cell membrane,

this process being followed by glucose transfer into the



994 RZHESHEVSKY

BIOCHEMISTRY  (Moscow)   Vol.  78   No.  9   2013

cell. In addition, interaction of insulin with an intracellu-

lar receptor triggers another signaling cascade parallel to

the glucose-transporting one, which functions as the so-

called mitogenic pathway (the name comes from the core

kinase of this pathway, mitogen-activated protein

(MAPK)) essential for proliferation, differentiation, and

cell growth (see figure) [19]. It is worth noting that two

parallel signaling cascades present in the same cell react

differently to the same negative factors (such as discussed

above proinflammatory adipokines), and in case of dis-

turbances in signal transmission in the glucose transport

chain, the signaling cascade of the mitogenic pathway is

not affected, rather the opposite, it activates certain

processes (including various inflammatory mechanisms)

and can act as a negative factor in the pathogenesis of ath-

erosclerosis [19].

Now, after much research, we can quite confidently

describe the exact mechanism of the disruption of insulin

receptor function after which it can no longer provide

assembly of the glucose transporter GLUT-4. Most

Insulin signaling pathways. IRS-1, substrate of insulin receptor. Metabolic pathway: PI3K, phosphatidylinositol-3-kinase; Akt, protein kinase

B; GLUT-4, glucose transporter. Mitogenic pathway: Ras, GTP-binding protein; Raf, serine/threonine protein kinase encoded by c-raf genes;

MEK (MAPKK), kinase of mitogen-activated protein kinase; Erk (MAPK), kinase activated by extracellular signal; c-Myc and ELK-1,

nuclear transcription factors. Antiapoptotic pathway: Bad, regulatory protein (inducer); BCL2, regulatory protein (inhibitor); GSK-3, glyco-

gen synthase kinase

nucleus

glucose

insulin

insulin receptor

cell membrane
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researchers share the view that the receptor dysfunction

usually develops after excessive phosphorylation of the

substrate of insulin receptor, namely, of its inner serine

residues [20]. It seems particularly noticeable that various

negative factors (adipokines, fatty acid metabolites, etc.)

affect this substrate in a targeted and focused manner,

apparently because of it being the weakest link in the glu-

cose transport signaling pathway. As a consequence, nor-

mal signal transmission from the receptor to the glucose

transporter becomes impossible and delivery of glucose

into the cell is hampered.

Appearance of such a defect in the insulin signaling

pathway triggers self-initiated “vicious” cycles (increased

glucose level, increased insulin secretion, production of

proinflammatory cytokines, reduction of nitric oxide syn-

thesis, activation of the sympathetic-adrenal system,

etc.), which sooner or later will drive a person to their

grave if decisive action is not taken [19].

However, several questions remain unresolved. Why

do all the enzymes that play a pathological role in the

development of insulin resistance (TNF-α, IL-6, diacyl-

glycerol, etc.) phosphorylate serine amino acid residues

leaving adjacent tyrosine residues unaffected? And why,

in general, are these serine residues present in the recep-

tor substrate, i.e. what is their physiological role? Perhaps

they play the role of a regulator-inhibitor in transmission

of phosphate from one protein to another, reducing, if

necessary, phosphorylation and blocking glucose transfer

into the cell.

It is also unclear what happens with the huge recep-

tor reserve present in cells (the physiological norm of

active receptors is known not to exceed 10% of the over-

all number). Felig et al. state in their book Endocrinology

and Metabolism [21]: “Even though the number of insulin

receptors was shown to vary from 50,000 (in adipocytes)

to 250,000 (in hepatocytes), the maximum biological

effects are observed when less than 10% of the receptors

are active. The functional significance of such a “receptor

reserve” is that in case of decrease in the number of

receptors (e.g. due to obesity) accompanied by adequate

increase in insulin concentration, the number of hor-

mone–receptor complexes may reach the critical level

required for triggering a biological response”. If such a

receptor reserve serves as a safety net in case of any devi-

ations, it remains unclear where it disappears when these

deviations arise? Reduction in the ability of cells to take

glucose observed in insulin resistance (IR) and hyperin-

sulinemia suggests the possibility of feedback between the

hormone level and the number of receptors, when the rise

in hormone level leads to a decrease in the number of

receptors. It should be admitted that several aspects of the

post-receptor mechanism of insulin signal still remain

unclear.

The fatal role played by adipokines synthesized by

adipose tissue in the development of insulin resistance has

been proved by numerous studies, and today no one

doubts it. Along with adipokines, fatty acids are the sec-

ond major adverse factor strongly affecting IR [22].

It would be incorrect to say that all the fats taken by

the organism are an absolute evil that causes only harm –

the way it is done today by some people, especially girls

and women. Just as in the case of adipokines, they have an

important physiological function, namely providing

skeletal muscles with energy during heavy physical exer-

tion, enabling the conditions for organism formation at

times of active growth, and maintaining the level of

immune system activity and homeostasis of the entire

organism. Execution of both male and female reproduc-

tive functions would be impossible without fats. And in

addition, fatty acids are the main energy supplier for heart

muscle – the myocardium receives more than a half of

the total ATP from oxidation of fats [22].

Fats are stores in an organism in the form of triglyc-

erides – compounds consisting of fatty acids and glycerol.

Free fatty acids (FFA) are formed from triglycerides con-

tained in adipose tissues by hydrolysis, and their level in

blood is normally very low. Physiologically-conditioned

increased FFA level is observed only during the period of

active growth of an organism, i.e. up to 20-25 years.

Excessive fat accumulation, similar to adipokines, turns

fatty acids from being a favorable factor into a destructive

one. Abdominal adipose tissue (i.e. fat deposits in the

waist area and inside the abdominal cavity), due to the

large number of blood vessels connected to general blood

flow, is directly connected to FFA level in blood; that is

why an increase in abdominal fat mass entails an increase

of FFA level. Such an increase will surely have an adverse

effect on glucose metabolism because the regulation of

synthesis, transport, and consumption of glucose and

fatty acids are closely interwoven [22]. And this is how it

happens.

Adipose tissue cannot grow indefinitely. Its growth is

limited by the number of adipose cells, which is deter-

mined during childhood and adolescence and hardly

changes later in life. Long imbalance in energy distribu-

tion in the direction of excessive intake and accumulation

of energy substrates (fats and glucose) will eventually lead

to the situation when all the cells of adipose tissue will be

overfilled with these substrates. From that moment on fat

accumulates in tissues not intended for its storage and

oxidation, primarily in skeletal muscles and liver [23].

Triglycerides in adipose (especially abdominal) tissue will

start to break down rapidly, thus alleviating the burden of

fat cells, and fatty acids will form a rapid continuous

stream rushing into the bloodstream, poisoning the entire

body.

This process will begin even before the adipose cells

are completely filled. It will begin with the formation of

an internal, visceral obesity, connected to the general

bloodstream by multiple blood vessels. Fatty acids will

start to enter liver and muscle tissue, where physiological

oxidation of a large amount of fats is hardly possible, and
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as a result muscle and liver cells will be rapidly accumu-

lating fats, this process leading to their fatty degeneration

[24]. In the case of skeletal muscles, not just fat deposi-

tion develops as in adipose tissues, but cell mutation: due

to excessive fat accumulation stem cells will differentiate

not into new myocytes (muscle cells), but into defective

adipose cells – preadipocytes [23]. The presence of these

defective cells is typical of very old age – that is why an

equality sign can be safely put between obesity and pre-

mature aging. And there will be several more such signs.

Excessive fat oxidation in mitochondria of these cells, as

well as in special cellular organelles, peroxisomes, will

lead to the formation of a byproduct extremely harmful

and dangerous for DNA, and the entire cell metabolites

of fatty acids and widely known today free radicals, reac-

tive oxygen species (ROS). This process will result in two

new adverse factors, lipotoxicity and oxidative stress [25].

Let us consider the first factor.

The term “lipotoxicity” now refers to various nega-

tive effects of fatty acids on cellular structures [20]. As

already mentioned, regulation of synthesis, transport,

and consumption of fats and glucose are closely inter-

twined. And if fatty degeneration (obesity) is observed in

tissues not intended for fat deposition and oxidation (in

skeletal muscles, pancreas, and liver), then glucose

metabolism in the cells of these organs will be disrupted.

A competition will develop between energy substrates for

the right to occupy a dominant position in the organism,

which will end with complete victory of fats. Their oxida-

tion rate constant, being higher than that of glucose, will

help fats take the leading position in a cell. This directly

affects the order and sequence of substrate oxidation in

mitochondria: substrates with lower oxidation rate give

way to those with higher rate [24].

Subsequent suppression of normal glucose absorp-

tion by cells will be caused by byproducts of fatty acid

metabolism, such as ceramides and diacylglycerol, which

activate protein kinase C resulting in excessive phospho-

rylation of serine residues of insulin receptor substrate

and disturbed glucose transport into cells. In skeletal

muscles excess fatty acids will cause cell degeneration and

sarcopenia (loss of muscle mass), while in heart muscle

tissue fatty acid metabolites acyl carnitine and acetyl-

CoA will block ATP, the cell carrier produced by cells,

and myocardial cells will experience energy “hunger”,

which in time will result in such pathology as ischemic

heart disease [22]. Ischemia will form another “vicious”

cycle: oxidation of fatty acids will slow due to lack of oxy-

gen, and their accumulated metabolites will further block

ATP transport and aggravate ischemia.

Palmitic acid is the most dangerous for the organism

as it directly contributes to the development of

apoptosis – the mechanism triggering cell death.

Negative effects of palmitate follow several directions

simultaneously, so that a cell has very little chance of sur-

vival. First, this negative impact is caused by formation of

an intermediate product of synthesis of sphingomyelins

(phospholipids consisting of sphingosine, choline, and

phosphoric and fatty acids) – ceramides, as well as com-

pounds in cell membrane rafts: cholesterol, sphin-

gomyelin, and palmitic acid, which cause membrane

impermeability and inhibition of cell functioning [23].

Palmitate also enhances ROS generation [26]. And final-

ly, palmitic acid has been recently found to bind calcium

ions excessively accumulated in mitochondria and form

mitochondrial lipid pores, which results in non-specific

permeability of the inner mitochondrial membrane and

release of the main catalyst of apoptosis cytochrome c,

and also other apoptosis-inducing factors [27].

Palmitic acid is also the main adverse factor in the

development of such severe and widespread pathology as

atherosclerosis. It is palmitic low-density lipoproteins,

due to their specific properties, that turn into “biological

waste” in the bloodstream. An organism will try to utilize

this waste with the help of macrophages, this process

resulting in the appearance of soft (prone to rupture and

blood clot formation) and hard (prone to necrosis) athero-

sclerotic plaques [28]. High levels of palmitic acid in

blood will also block the beneficial effect of useful

polyunsaturated fatty acids, such as the well-known ω-3

acids [28]. Besides the above-mentioned lipoproteins,

large amounts of palmitic triglycerides will be formed in

the liver as a result of esterification of palmitic acid. These

triglycerides cannot be hydrolyzed because of the high

melting temperature (48°C) and therefore will be accu-

mulated in liver cells and provoke the development of

fatty liver disease [24].

Increased levels of fatty acids and fat accumulation

in non-adipose tissues result in the development of tissue

insensitivity to insulin, i.e. insulin resistance (IR) [14]. At

first it will be local, but if no measures are taken, IR will

be rapidly and continuously growing, embracing new

organs, and tissues, generating “vicious” cycles prone to

self-stimulation [22]. For some time tissue IR will not be

accompanied by an increase in glucose level in blood due

to compensatory hyperinsulinemia, that is, increased

insulin secretion. But it cannot last for very long, and

eventually glucose level starts to rise, adding another

destructive factor, glucose toxicity, to lipotoxicity.

Some people mistakenly believe glucose to be a

harmless product whose excess can cause only accumula-

tion of unnecessary body fat. However, this is not true.

The negative effects of the consumption of simple carbo-

hydrates and the increase in glucose level are numerous

and diverse, and no specialists doubt them. Glucose toxi-

city developing simultaneously with lipotoxicity is mani-

fested as follows. Normal glucose oxidation by mitochon-

dria becomes impossible in tissues that have undergone

fatty degeneration (these are first of all the main glucose

consumers, skeletal muscles and liver). As a result, the

organism will be forced to redirect this oxidation – it will

now follow other pathways, in particular, the sorbitol
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pathway. Such abnormal glucose oxidation will not pass

unnoticed to the organism. Increased sorbitol and fruc-

tose formation will be its byproduct, and it will cause

excessive intracellular liquid accumulation, which may

lead to osmotic shock, i.e. swelling and rupture of the cell

membrane.

Sorbitol accumulation in neurons is particularly

dangerous, for there it suppresses the synthesis of a vital

cell component, myoinositol, leading to the disruption of

nerve impulses. Alternative routes of glucose oxidation

through byproducts will also contribute to an increase in

protein kinase C activity and consequently to even greater

dysfunction of insulin receptor and progression of insulin

resistance. Thus one “vicious cycle” is complete.

It is also possible to trace the formation of another

such cycle associated with glycosylation of proteins,

which is observed on the increase in glucose level.

Glycosylation is a natural physiological process of the

attachment of carbohydrate residues to free amino groups

of proteins. In hyperglycemia, so-called nonenzymatic

glycosylation begins. The end products of this process are

accumulated and bind to various proteins (hemoglobin,

albumin, collagen, crystallin, and lipoproteins), disrupt-

ing their functions. For example, collagen glycosylation

results in accumulation of byproducts in the extravascular

matrix. As the organism considers these byproducts to be

“alien”, an immune response develops: immune cells, i.e.

macrophages, increase the secretion of proinflammatory

cytokines (TNF-α, IL-6, etc.), the negative effect of

which will, in turn, aggravate the already present insulin

resistance. Hence another “vicious” cycle is closed [29].

It should be added that glycosylation and increased

ROS production caused by excessive lipid and glucose

oxidation directly contribute to damaging of collagen and

another connective tissue protein, elastin. Many

researchers consider this damage to be one of the main

factors in human aging. This process increases the num-

ber of so-called “cross-links” within a molecule and

between molecules; as a result, the protein ceases to be

elastic. As collagen and elastin constitute about one-third

of the organism’s proteins and belong to the family of

long-lived proteins, their degenerative transformation

will strongly affect the entire organism.

It would be wrong to think that only unhealthy peo-

ple, whose glucose level in blood is chronically and con-

stantly raised, are affected by glucose toxicity. Even a sin-

gle sharp increase in glucose level observed after con-

sumption of simple carbohydrates (sweet drinks, biscuits,

sweets, chips, beer) causes a strong proinflammatory

reaction and triggers oxidative stress in the organism of a

completely healthy person.

This fact was confirmed several years ago by a group

of American researchers from the Department of

Endocrinology, Diabetes, and Metabolism of the

University of Buffalo [30] who described this process.

They first gave completely healthy people a drink com-

posed of 75 g of glucose dissolved in water, and then they

took blood samples for analysis after 1, 2, and 3 h. The

results of the analysis showed a sharp increase in different

proinflammatory factors (AP-1, Egr-1, and others), as

well as the well-known nuclear transcription factor NF-

κB, one of the most potent stimuli of inflammation,

could be observed for three hours after glucose intake. In

addition, they discovered that oxidative stress increases

dramatically after glucose intake: production of extreme-

ly dangerous superoxide radicals by leukocytes was shown

to be 140% higher than norm, while concentration of one

of the most effective and beneficial antioxidants, α-toco-

pherol (vitamin E) was reduced [31]. Some American

researchers showed that consumption of excessively fat

food causes similar effects [32]. So now everyone who

wants to eat sweets or fast food can visualize the process-

es that this food will induce in their body.

Many years of research on intracellular processes led

the Russian Academician, Professor of Moscow State

University V. P. Skulachev, to conclude that aging and

death can be programmed by the human genome [33-37].

His theory can be summarized as follows: appearance of

the first deviations from the natural norm activates the

process of self-destruction in the human body. This

mechanism developed in the course of evolution so that

an individual with various damages that accumulated

with age would not transmit his possibly damaged genes

to descendants, and therefore the genetic program that

was developing for millions of years would not be violat-

ed.

Thus, nature discards those individuals that become

potentially dangerous for the future population, and it is

not an individual life but the well-being and normal

development of the community as a whole that is most

important to a species. According to the Russian

Academician, this cruel law is applicable to all species,

and it means that any complex biological system (from

unicellular organisms to humans) will be subject to self-

destruction if it becomes unnecessary or dangerous for

the existence of a system of higher hierarchy – the com-

munity of individuals of the species, the overall popula-

tion [34].

Muir and Howard [38] showed in their study of a

Japanese aquarium fish the fatal role that even a single

individual with a “damaged” DNA can play for the entire

biological species. The gene of human growth hormone

was introduced into the fish, and the transgenic males

proved to be more attractive for females because of their

size. However, the reproductive function of these fish was

found to be damaged, and calculations showed that even

one such transgenic fish with a high degree of probability

can cause degeneration and death of the entire popula-

tion after a certain number of generations. According to

V. P. Skulachev, it is ROS that play the role of “samurai

sword”, which helps the organism to “commit biochemi-

cal suicide”. As ROS are constantly produced in mito-
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chondria, the first stage of this process was given the name

mitoptosis [34].

Mitochondria that for any reason begin to produce

large quantities of ROS that cannot be neutralized by an

antioxidant system sacrifice themselves for the security of

the entire cell. The interaction of ROS with one of the

proteins of the inner mitochondrial membrane results in

the formation of a nonspecific channel – a pore due to

which the mitochondrial membrane becomes permeable,

and, therefore, the mitochondrion dies. According to

Skulachev, “It is noteworthy that the death of a mito-

chondrion producing excessive amounts of ROS requires

no proteins other than those that are already present in

the mitochondrion. It seems that a mitochondrion that

could not detoxify its own ROS commits suicide so as to

rid the cell of possible troubles. In other words, prolonged

opening of the permeable membrane pore is nothing but

a suicide of a mitochondrion that has become dangerous

for the cell. In this way the purity of the mitochondrial

population in a cell can be maintained” [34]. According

to Skulachev, this mechanism has a specific function, to

prevent cellular DNA from being damaged by dangerous

ROS.

If liquidation of several mitochondria does not help,

and ROS are still produced in threatening amounts, the

second stage of protection of the organism begins, the

self-destruction of the whole cell, apoptosis: “If more and

more mitochondria turn into super-producers of ROS

and “open Kingston valves”, their concentrations

increase, and the cell containing many defective mito-

chondria undergoes apoptosis. As a result, cells with

mitochondria producing too many ROS are eliminated

from a tissue” [34]. If destructive processes continue, the

number of cells that have committed suicide becomes

critical and leads to the death of an organ, and then – of

an entire organism, i.e. phenoptosis. These two terms –

“mitoptosis” (self-destruction of mitochondria) and

“phenoptosis” (self-destruction of an organism) have

been put into wide use by Academician Skulachev, and

now they can be found in international scientific studies

on biochemistry.

If we look at all the pathologies resulting from

unhealthy and excessive diet from the perspective of the

above-described hypothesis, we can see that they quite

logically fit into the theory of programmed self-destruc-

tion formulated by Skulachev. This is how this sad sce-

nario can be realized. If a person, while being not so

physically active, consumes too much food rich in fats

and carbohydrates, this situation directly contradicts the

main natural function of fats and carbohydrates, provid-

ing the organism’s energy requirements. Fats consumed

with food are supposed to fill particularly high and pro-

longed energy costs, such as those that face professional

athletes, or full-time manual workers, or members of

polar expeditions after hours of difficult trekking. These

mechanisms were designed by evolution millions of years

ago, when the first mammals left seas for the land and

because of life in new conditions developed muscles of a

new type and a new, insulin-dependent mechanism of

delivering energy substrates to these muscles. This is how

Prof. V. N. Titov described these evolutionary changes in

the first land animals: “Formation of a new function in

the course of phylogenesis, the function of prolonged and

intense muscle activity (motion) was the cause of marked

changes not only in physiology, but also morphology in

multicellular organisms. This led to: a) formation of

skeletal striated myocytes from smooth muscle cells; b)

formation of specialized adipocytes from LCT (loose

connective tissue); these adipocytes could start accumu-

lating fatty acids in the form of triglycerides in a single

large lipid droplet in the cytosol. Later this led to differ-

entiation of functionally different β-cells from α-cells of

islets of Langerhans; these β-cells started synthesis and

deposition of insulin” [28]. If a person does not under-

stand such a simple and obvious point that the primary

function of food is to supply the body with necessary

compounds, not to be a source of pleasure, then sooner or

later such person will become unnecessary and even dan-

gerous for the entire human population. And the popula-

tion will get rid of him by programmed phenoptosis,

which will be realized through a variety of cardiovascular,

endocrine, and other pathologies.

There is an indirect confirmation of this hypothesis:

improper nutrition leads to the development of the same

processes that can be observed in normal aging: sarcope-

nia (decrease of muscle mass); suppression of autophagy;

degenerative transformation of connective tissue proteins

and increased ROS generation; shortening of DNA ends

(telomeres); formation of defective cells; and leptin

resistance [20, 29, 39]. Another observation also confirms

the connection between excessive nutrition and phenop-

tosis: formation of numerous self-initiated “vicious”

cycles, the appearance of which is similar to triggering a

chain reaction, which is continued and enhanced till the

death of an organism. Launching of this chain reaction

can be traced starting from that critical point when adi-

pose tissue reaches such size and properties that it starts

secreting into blood more destructive factors (adipokines

and fatty acids) than an organism is capable of neutraliz-

ing without severe consequences. Once such a “Rubicon”

is crossed, pathological processes start to prevail over

physiological ones; they grow with time like a snowball,

gaining power and giving rise to endless new destructive

biochemical reactions.

Development of obesity and subsequent death of an

organ such as the liver can serve as a good illustration of

this entire process: 1) initial excess of fatty acids leads to

triglyceride accumulation of hepatocytes; 2) non-metab-

olizable triglycerides, being accumulated as a “dead

weight”, form fatty liver disease (hepatic steatosis); 3) this

process triggers an avalanche of numerous negative fac-

tors: increased activity of cytochrome P450 2E1,
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increased generation of reactive oxygen species, lipid per-

oxidation, activation of proinflammatory cytokines and

nuclear transcription factor NF-κB, mitochondrial DNA

damage, and increased expression of PPARγ receptors,

release of malondialdehyde and granzyme B, induction of

Fas-ligand and subsequent cell death; 4) dead hepato-

cytes, when accumulated in the intercellular space, initi-

ate the formation of inflammatory response and the tran-

sition of steatosis to steatohepatitis; 5) fibrosis and subse-

quent cirrhosis are the final stages of this process [40-42].

What attracts our attention and can confirm both

Academician Skulachev’s theory and the connection

between this theory and unhealthy diet? Perhaps the fact

that there is one phenomenon that plays the most impor-

tant role in all these processes in liver: it is mitochondrial

dysfunction (damage of the mitochondrial genome and

mitochondrial mutations), which always ends with

mitoptosis, mitochondrial death; in liver, due to the very

high number of mitochondria in hepatocytes, this process

reaches such proportions that it becomes critical to the

fate of this organ [40].

All these successive biochemical reactions are so

strikingly similar to the triggering of self-destruction that

it is impossible to imagine any other comparison. It

remains to add that violation and damping of such an

important function as reproduction, which develops pre-

maturely due hormonal disturbances (for example, poly-

cystic ovary syndrome) connected to improper nutrition,

also fits well into the theory.

Whether there is any sense in such a cruel evolution-

ary method, everyone can judge for himself when observ-

ing today many people, who treat their health extremely

thoughtlessly, and pass on to their descendants already

“damaged” genes. As a result, miserable children are

born – children genetically predisposed to alcoholism,

obesity, and various mental, endocrine, and other devia-

tions. By analogy with apoptosis and phenoptosis, we can

suggest the following stages of the development of this

process: “ethnoptosis”, when the number of “unhealthy”

people in a particular population reaches critical values and

the entire nation disappears; and “genoptosis”, when the

same scenario is realized on the scale of the entire planet.

But let us hope that this scenario will not come true.

Rather, on the contrary, the most beneficial situation for

the population option will develop when the life of people

prone to self-destruction will become shorter and shorter

in subsequent generations until they will finally start dying

before having offspring, and, as a result, at some point they

will disappear together with their “sick” genes.

Proceeding from the aforesaid, it is evident that

changing the lifestyle will be the “first line of defense”

and the best prevention of disorders developing due to

improper nutrition and lack of physical activity. This

lifestyle change should be based on an increase in physi-

cal activity and dietary adjustments that should include

two important components. The first one embraces

excluding (or minimizing) from the diet harmful products

containing refined grains and refined sugar. Every year

numerous data of research on the harmful effects of

refined sugar appear, and it seems fairly safe to assume

that rather sooner than later sugar and sugar-containing

products will be completely forbidden for sale and pro-

duction. It also seems logical to reduce meat and high-fat

dietary products (such as sour cream, cheese, and butter)

rich in palmitic acid, which, as we recall, is the major

negative factor in the development of atherosclerosis and

cell death [28]. At the same time, it would be appropriate

to include in the diet fish and linseed and olive oil. Fish

and oils contain useful polyunsaturated acids, which,

being antagonists of palmitic acid, will help to prevent

vascular problems [29]. The American Heart Association

and the National Heart, Lung, and Blood Institute give

similar recommendations on healthy diet in their joint

report: “Diet therapy includes low consumption of satu-

rated fats, trans fats, cholesterol, and simple carbohy-

drates (sugars), increased consumption of fruits, vegeta-

bles, and whole-grain products; excessive (extreme) con-

sumption of carbohydrates or fats should be avoided”

[43]. There is also a second component of a healthy diet –

a significant reduction in the total amount of food con-

sumed at the end of the reproductive period (45-50 years

of age). This measure is supposed to reduce oxidative

processes in mitochondria and as a consequence to

reduce ROS generation. Following these simple recom-

mendations will most likely help people to live to very old

age and perhaps live until the time of the invention of an

effective “youth elixir”, with which it will be possible to

overcome or significantly postpone such a nasty thing as

premature aging.
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