
Within the phenoptosis concept, aging is considered

to be the last stage of ontogenesis, the individual develop-

ment of an organism [1-4]. However, if this is the case,

then both aging and ontogenesis as a whole should be

managed by a “master biological clock” as postulated by

V. M. Dilman [5, 6] and later by A. Comfort [7]. Our

knowledge of the molecular mechanism of the measure-

ment of time by living organisms has so far been limited

to circadian rhythm. This rhythm is determined by cyclic

biochemical reactions that take place in the epiphysis (in

birds) or in the suprachiasmatic nucleus of the hypothal-

amus (in mammals). The signals formed by these organs

cause fluctuations in concentration of certain hormones

in the blood, especially of melatonin. It seems obvious

that measurement of time on the scale of hours inherent

to the circadian mechanism is hardly suitable for time

measurement on the scale of decades.

Humans check time by comparing it with a reference

device based on measuring the rate of radioactive decay. It

is unlikely that such a mechanism could be used by living

organisms in general. However, there are other sponta-

neous chemical processes that might be the basis of the

mechanism measuring many years. L→D isomerization of

amino acids in long-lived proteins is an example of this

type of process. In whales, crystallins (lens proteins whose

age is comparable to the maximum age of the animal, i.e.

about two centuries) have been described [8]. Initially, all

the amino acids in crystallin are L-isomers. Over many

years, the L-amino acids spontaneously isomerize into D-

isomers. This process is the fastest for aspartate (about 2%

in 10 years). This means that in case of a 200-year-old

whale, there are 40% aspartate residues that are present as

D-isomers in crystallin. A counter of biological age might

be formed from a protein similar to crystallin and some

device that would measure D-aspartate content in the pro-

tein. Humans have a number of other proteins (besides

crystallin) that are formed only once in a lifetime. Such

proteins have been found in tooth enamel, white matter of

the brain, aorta, arteries, skin, cartilage, bones, and ten-

dons. Elastin is also a protein of this type [9].

Asparagine and glutamine deamidation in proteins can

also be spontaneous. The rate of this process has been shown

to depend on the protein conformation. It seems quite inter-

esting that the rate of spontaneous deamidation varies from

several hours to hundreds of years. N. I. and A. B. Robinson,
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Abstract—During the last decade, evidence has been accumulating supporting the hypothesis that aging is genetically pro-

grammed and, therefore, precisely timed. This hypothesis poses a question: what is the mechanism of the biological clock

that controls aging? Measuring the level of the advanced glycation end products (AGE) is one of the possible principles

underlying the functioning of the biological clock. Protein glycation is an irreversible, non-enzymatic, and relatively slow

process. Moreover, many types of cells have receptors that can measure AGE level. We propose the existence of a protein

that has a lifespan comparable to that of the whole organism. Interaction of the advanced glycation end product generated

from this protein with a specific AGE receptor might initiate apoptosis in a vitally important non-regenerating tissue that

produces a primary juvenile hormone. This could result in the age-dependent decrease in the level of this hormone leading

to aging of the organism.
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who published a number of articles [10-12] and a special

book [11a] devoted to the description of this phenomenon

believe some “molecular clock” measuring the time of the

protein’s life to be hidden in its amino acid sequence.

The process of accumulation of so-called AGE

(Advanced Glycation End products) is another candidate

for the role of the key component of the “master biological

clock”. AGE embrace a group of diverse compounds that

are formed in an organism as a result of complex chemical

reactions, glycation of proteins and peptides being the first

stage of this process (Fig. 1). These chemical reactions pro-

ceed slowly but inevitably in any aqueous solution contain-

ing proteins and reducing sugars. They result in the forma-

tion of characteristic colored products as well as covalent,

enzymatically uncleavable cross-links in proteins.

CHEMISTRY OF AGE PRODUCTION

In 1912, Louis Camille Maillard reported that

reducing sugars react with amino acids in solution pro-

ducing dark-colored products (melanoidins) [15]. Similar

chemical reactions could be observed also in solutions of

reducing sugars mixed with peptides and proteins. The

“Maillard reaction”, being a redox process, is a complex

network of successive and parallel reactions.

John E. Hodge [16] contributed greatly to the under-

standing of the chemistry of the Maillard reaction. He

showed that the sugar aldehyde group reacts with amino

groups producing N-glycosides at the initial stage of gly-

cation (non-enzymatic glycosylation). Then N-glyco-

sides undergo Amadori rearrangement, turning into 1-

amino-1-deoxy-ketoses (Amadori compounds). These

reactions are followed by further chemical transforma-

tions resulting in the formation of AGE [16].

Dicarbonyl products (glyoxal and methylglyoxal),

formed as intermediate products in the course of the

Maillard reaction, are of great importance. These highly

active compounds, which are also formed in the cell as

glycolysis byproducts, can react with proteins to form

enzymatically uncleavable cross-links.

Comparison of various amino acid residues in pep-

tides according to their ability to react with reducing sug-

ars revealed that side chains of cysteine, lysine, and histi-

dine, as well as the amino group of the N-terminal amino

acid, have the highest relative activity. In the case of pep-

Fig. 1. Chemical formulas of the most common AGE [13, 14].

Fluorolink

Vesperlysine Hydroimidazolone (isomer 2, MG-H2) Hydroimidazolone (isomer 3, MG-H3)

Hydroimidazolone (isomer 1, MG-H1)

Pentosidine

N-e-carboxy-
methyl-lysine

N-e-carboxy-
ethyl-lysine Pyrroline
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tides reacting with protein AGE-products, the highest

efficiency of cross-link formation was observed for argi-

nine and tryptophan [17].

ROLE OF AGE PRODUCTS

IN PATHOLOGY AND AGING

Just as increased concentration of reactive oxygen

species (ROS) causes oxidative stress, increased concen-

tration of sugars (glucose, fructose, deoxyglucose, and

triose phosphates) and active dicarbonyl compounds (gly-

oxal and methylglyoxal) can cause “carbonyl stress”

resulting in the increased rate of formation of AGE prod-

ucts, including cross links in proteins, which violate their

structures and functions.

In the early 1980s, after AGE had been found to

accumulate with age in certain tissues of living organisms,

a theory of “non-enzymatic glycosylation as the cause of

aging” was proposed [18].

Harmful effects of glycation were initially assumed to

be associated with damage to long-lived proteins. Indeed,

clear age-dependent increase in AGE concentration is

observed in those body parts where proteins are not

renewed or are renewed very slowly (e.g. in skin and car-

tilage collagen [19-21], in proteins of the lens [22, 23],

and in some other tissues [24, 25]). In experiments on

rats, aminoguanidine, an inhibitor of AGE formation,

was shown to reduce manifestation of such signs of aging

as decrease in elasticity of blood vessels and increase in

heart size [26]. Furthermore, an important role of AGE

was demonstrated in the development of atherosclerosis,

cataract, diabetic nephropathy, retinopathy, neuropathy,

and age-dependent vascular complications [13].

Further research showed a significant proportion of

the harmful effects of AGE accumulation to be associat-

ed with certain signals produced by RAGE (Receptor for

Advanced Glycation End products) – a specific AGE

receptor, as well as reactive oxygen species inducer. Thus,

although the kinetics of glycation may be similar to kinet-

ics of, for example, isomerization of amino acids in pro-

teins (AGE level in elastin of the intervertebral discs

increases with age in approximately the same proportion

as the amount of D-aspartate [9]), the presence of AGE

receptors makes them a far more likely candidate for the

role of the “biological clock”.

AGE RECEPTORS

RAGE is to be the most thoroughly-studied AGE

receptor. It is a multi-ligand membrane receptor of the

immunoglobulin superfamily present in many cell types [27,

28]. In addition to RAGE, several other receptors binding

AGE products have been discovered, including phagocytic

receptors of macrophages (of the first and second types),

oligosaccharyl transferase-48 (AGE-R1), phosphoprotein

80K-H (AGE-R2), and galectin-3 (AGE-R3) [29].

AGE receptors were originally assumed to bind and

neutralize AGE. However, further studies showed AGE

binding to RAGE receptor of macrophages and

microglial cells triggers oxidative stress and causes activa-

tion of the p21ras/MAP-kinase signaling cascade, which

in turn activates NF-κB factor [30]. As a result, the inter-

action of AGE with their receptors causes inflammatory

response and oxidative stress. In this regard, the role of

AGE as a biological clock is very likely to be realized via

inflammatory response, ROS generation, and apoptosis

induced by these factors.

For such a clock to control aging, the following com-

ponents are needed: 1) a protein like crystallin or elastin

whose lifetime is comparable to the human lifespan; 2)

RAGE specific to the formation of AGE in this protein;

3) an apoptosis inducer triggered by the complex of

RAGE and an AGE-containing protein. If these process-

es take place in tissue producing some primary juvenile

hormone, and the ability this tissue for restoration is lim-

ited, it should result in the involution of the tissue with

age and subsequent aging due to reduction of the level of

this hormone in the organism.

This scheme assumes such long time periods as

months and years are measured not by a single cell, but by

a large group of cells, a special supracellular structure sim-

ilar to the suprachiasmatic nucleus of the hypothalamus or

the epiphysis producing melatonin, the hormone of circa-

dian rhythm. It seems interesting that the level of mela-

tonin, antioxidant and inducer of the entire group of

enzymes of the cell antioxidant system, drastically

decreases with age. Furthermore, melatonin has a gero-

protective effect [31-34]. In other words, there is a possi-

bility that circadian rhythm and general age are measured

by the same organ. Reduction of the number of cells pro-

ducing primary juvenile hormone might result in decrease

in its level in blood and other tissues of the organism. We

believe this could serve as a signal for increasing the con-

centration of ROS in mitochondria (mROS). This, in turn,

stimulates apoptosis and causes reduction in the number of

cells in these tissues, which results in deterioration of the

physiological functions of the organism [4, 35, 36] (Fig. 2).

It should be emphasized that the primary juvenile

hormone is likely to trigger a hormonal cascade com-

posed of secondary, tertiary, and other juvenile hormones,

which multiply the signal of the primary hormone and

transmit this signal to other organs and tissues. Very

recently, a mechanism controlling aging by one such sec-

ondary juvenile hormone, namely, gonadotropin-releas-

ing hormone (GRH), has been discovered. In the group

of the American cell biologist D. Cai [37], aging was

shown to be accompanied by an increase in the number of

microglial cells (playing the role of phagocytes in brain)

of one of the sections of hypothalamus and by activation

of transcription factor NF-κB in these cells. NF-κB



1046 SEVERIN et al.

BIOCHEMISTRY  (Moscow)   Vol.  78   No.  9   2013

causes microglia to produce tumor necrosis factor

(TNF), which attacks neighboring neurons responsible

for GRH synthesis. Neurons possess their own NF-κB

activated by TNF. This activation in turn stimulates

methylation of the GRH gene promotor, which blocks

GRH synthesis by neurons. Without GRH, the hypo-

physis does not produce a tertiary juvenile hormone

(gonadotropin) that required for the synthesis of sex hor-

mones and a number of systems operating in a young

organism and weakening with age. By blocking the above-

described regulatory chain, the authors managed to pro-

long the life of mice and inhibit the development of such

signs of aging as sarcopenia, osteoporosis, skin thinning,

appearance of cross links in tendon tissue, and memory

loss. Partial inhibition of the development of these symp-

toms could be achieved by subcutaneous administration

of GRH to old mice. Within the scheme (Fig. 2), the

events described by Cai et al. take place between the pri-

mary juvenile hormone and mROS in the cells of organs

and tissues. It is noteworthy that neurons forming the sec-

ondary juvenile hormone GRH are localized in the hypo-

thalamus, i.e. the same place as the suprachiasmatic

nucleus with its “clock” of circadian rhythm.

Considering the scheme in Fig. 2, we can ask a ques-

tion: which sugar is the source of AGE if these compounds

are actually used for measuring age? Glucose seems to be

a good candidate for this role as its concentration in blood

is maintained mainly at the same level during the day

(increases in its level following the consumption of food

rich in glucose are relatively short-lived). However, among

all the natural monosaccharides, glucose is characterized

by equilibrium of aldehyde and cyclic isoforms, being

maximally shifted in the direction of the cyclic isoform

(only 0.2% of glucose is in the form of aldehyde capable of

being an AGE precursor and, therefore, of participating in

glycation of proteins). Thus, glucose is one of the least

active sugars in relation to glycation. It seems very likely

that glucose became the main “carbohydrate energy carri-

er” during evolution exactly due to this property [13]. On

the other hand, the ability of the above-mentioned

byproduct of glucose metabolism, methylglyoxal, to form

AGE products exceeds the reactive ability of glucose 650-

fold (in the reaction with β-alanine at 80oC) [38].

In the case of galactose, the amount of aldehyde form

many times exceeds that of glucose [39]. Glycation of

crystallins and serum albumin at the expense of galactose

is much faster than that at the expense of glucose and fruc-

tose [40, 41]. Moreover, addition of galactose to the diet

was shown to cause typical progeria (premature aging)

[42-44], in which the mitochondrial path of apoptosis,

when cytochrome c is released from mitochondria, plays

an important role [45]. Development is progeria inhibited

by salidroside, an inhibitor of RAGE-type receptors [46].

Metformin, inhibiting AGE formation from monosaccha-

rides [47], is also known to be a geroprotector [48].

RAGE can be found in many cell types, in particular,

in proinflammatory ones [27, 28]. According to in vitro

data, not only AGE, but also a number of marker mole-

cules and activators of inflammatory processes can be

RAGE ligands: DNA and RNA, calcium-binding pro-

teins of the S100 family, prions, and the non-histone

chromosomal protein HMGB1, which together with

RAGE play an important role in inflammatory (including

septic and autoimmune) reactions and cancers [28, 49,

50]. In addition, some RAGE bind β-amyloid, a protein

playing the key role in Alzheimer’s disease [27-29]. Also,

RAGE knockout was shown to promote survival of ani-

mals with diabetes [51] or bacterial infection [28]. That

would suggest diabetes (violation of sugar metabolism),

inflammatory diseases, and Alzheimer’s disease to speed

up the biological clock.

Finally, having accepted the hypothesis of the “mas-

ter biological clock”, we can put forward the question of

the scope of its application. It is natural to assume that

such a clock might be used not only in aging, but also in

the earlier stages of ontogenesis. This assumption is con-

sistent with the data on the participation of RAGE in dif-

ferentiation of neural tissue [52].

Thus, results of many experiments in the fields of

gerontology, developmental biology, and medicine can be

proposed using the hypothesis of an AGE-based “biolog-

ical clock”. Therefore, there are good reasons to believe

that this hypothesis will be tested in the near future.

Fig. 2. Hypothetical mechanism of the “master biological clock”

controlling ontogenesis in its last stage, the aging of the organism.

Spontaneous glycation
of a long-lived protein

↓

AGE

↓

RAGE

↓

Apoptosis of cells
of the “master biological clock” organ

↓

Reduction in the level of juvenile hormone
formed by this organ (melatonin?)

↓

mROS increase

↓

Apoptosis of cells in other organs

↓

Reduction of cellularity of organs

↓

Deterioration of the organism’s
physiological functions
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Note added in proof: After this manuscript was accept-

ed for publication, the paper of C. Menni et al. (C. Menni et

al. (2013) Int. J. Epidemiol., July 8, doi: 10.1093/ije/dyt094)

appeared. The authors showed that blood level of one of the

protein glycation products, i.e. C-glycosyl tryprophan, cor-

relates with age and such age-related parameters as lung

functional state and bone mineral density. The investigation

was carried out on humans (6055 persons).
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