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The chemical potentialities of metabolites far exceed meta-
bolic requirements. The required potentialities are realized
mostly through enzymatic catalysis. The rest are realized spon-
taneously through organic reactions that (i) occur wherever
appropriate reactants come together, (ii) are so typical that
many have proper names (e.g. Michael addition, Amadori rear-
rangement, and Pictet-Spengler reaction), and (iii) often have
damaging consequences. There are many more causes of non-
enzymatic damage to metabolites than reactive oxygen species
and free radical processes (the “usual suspects”). Endogenous
damage accumulation in non-renewable macromolecules and
spontaneously polymerized material is sufficient to account for
aging and differentiates aging from wear-and-tear of inanimate
objects by deriving it from metabolism, the essential attribute of
life.

The idea that aging results from the gradual accumulation of
molecular damage is deeply rooted in the aging research field
(1-3), although it can appear in verbal disguises so different as
to seem conceptually independent. However, damage is im-
plicit to DNA in the somatic mutation theory of aging (4), to
the extracellular matrix proteins in the crosslinking theory (5),
and to phospholipids in the membrane theory (6). The free-
radical theory implies that reactive oxygen species (ROS)* are
responsible for damage (7), and the carbonyl-stress theory
blames free carbonyls for it (8, 9). With regard to the last two
theories, the former, which is based on the ideas of D. Harman
(10), celebrated its 60th anniversary last year and remains the
most influential in the “damage field,” and the latter (9) is its
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extension insofar as it attributes the origin of many of the most
noxious molecular species to the free-radical oxidation of
metabolites initially devoid of highly reactive carbonyl moieties
(11). Being traceable back to serendipitous findings, these con-
cepts as of today remain empirical.

The dark side of metabolism

A theoretical approach to molecular damage may be derived
from comparing a metabolic map (e.g. IUBMB-Nicholson Met-
abolic Maps, Minimaps, & Animaps website) or a database of
metabolic pathways (e.g. Refs. 12 and 13) with a comprehensive
manual of organic chemistry (e.g. Ref. 14). It may be inferred
that in many cases of inevitable but reversible imine (Schiff
base) formation between amines and carbonyl compounds, the
structures of the interacting molecules provide for the migra-
tion of the double bond of the imine moiety away from it. This
will convert the unstable C=N (imine) bond into the stable
C-N bond and thus create a sink for the initial reactants. The
migration mechanism may involve the so-called Amadori rear-
rangement when an aldose reacts with the amino group of, for
example, ethanolamine, an amino acid, or a nucleic base (Fig.
1A). Another double-bond migration mechanism is a sigmat-
ropic rearrangement, such as when ethanolamine reacts with
retinal (Fig. 1B). Notably, the products may be able to bind
other molecules, e.g. by imine formation (Fig. 14) or by the
Michael addition mechanism (Fig. 1B), providing for still fur-
ther spontaneous transformations, such as involving another
chemical classic, the Mannich reaction (Fig. 1B). Another case
of transformation of the unstable C=N bond into the stable
C-N bond is when an arylethylamine interacts with an alde-
hyde or ketone via the Pictet-Spengler reaction (Fig. 1C), which
is widely used in organic synthesis to obtain polycyclic com-
pounds (15).

Looking at a metabolic map, one can notice many such inher-
ently reactive metabolite pairs. However, few if any of the pair
members are connected in the map by arrows marked with
enzyme classification (EC) numbers. In some cases, the mem-
bers are confined to different tissues or compartments; how-
ever, they often also occur in the same place and are thus
doomed to react. That is how cytotoxic Pictet-Spengler prod-
ucts can be formed from biogenic amines and aldehydes (16,
17). The same is true for 5-S-cysteinyl dopamine, which is
formed in the brain from dopamine-derived quinones via
nucleophilic thiol addition (18) (Fig. 2A), and for many other
compounds such as those in Figs. 1 and 2 and in the chemical
damage database CD-MINE (19).

Because of metabolic requirements, many inherently reac-
tive moieties become even more reactive when they are
attached to specific molecules known as coenzymes. Examples
are the acyl-CoA species (Fig. 2B), which spontaneously acylate
primary amines (20, 21). Similarly, acyl phosphates react non-
enzymatically with amines (22).

Figs. 1 and 2 show that, in a metabolic system, not only spon-
taneous decay and degradation reactions, such as hydrolysis,
oxidation, and racemization, but also spontaneous multistage
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Figure 1. Examples of non-enzymatic synthesis of complex compounds from simpler metabolites via Schiff base formation followed by double-to-
single carbon-nitrogen bond conversion. The starting reactive moieties are highlighted with thick bonds and bold characters. Any other metabolically
relevant structure or atom may replace a non-highlighted part, including phosphatidyl (indicated by Ptd in A and B). A, ribose exemplifies any monosaccharide.
The amino group may be on a phospholipid (23), an amino acid (24), or a nucleic base (25), either free or included in a biopolymer, which may become
cross-linked by such modification. B, see “Physiological implications of endogenous chemical damage” for comments. See Refs. 26 and 27. C, tryptamine
exemplifies any indoleamine, and pyruvate represents any carbonyl-containing compound, including saccharides. With catecholamines instead of indole-
amines, the Pictet-Spengler reaction yields tetrahydroisoquinolines, whose neurotoxicity is implicated in brain aging (16, 17). Figures were drawn using

MarvinSketch 16.5.2.0 (ChemAxon).

synthetic processes take place (23-32). Can the products
formed in this way be regarded as metabolites sensu stricto?
They are not generated by enzymes, are not used purposefully,
and are often hazardous. One way to view them is as damaged
metabolites (33, 34). For example, 5-S-cysteinyldopamine is a
damaged form of cysteine or dopamine. A related way to con-
ceptualize this phenomenon is to view it as a sort of “underside”
of metabolism or “parametabolism” (35, 36). In this view, 5-S-
cysteinyldopamine and tetrahydroisoquinolines are the para-
metabolic products of catecholamine metabolism. A con-
ceptually similar but more general approach is to regard such
unwanted products as a manifestation of the imperfectness of
metabolism and its components, which together produce dele-
terious effects at all levels of biological organization. The total-
ity of such effects has been described as the “deleteriome,”
which expands with age and represents the biological age of an
organism (1).

A complementary point of view comes from the notion that
life must have developed from the physicochemical world. It is
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true that molecules whose properties are useful for biological
functions were selected for the metabolism of living organisms.
However, the properties of such molecules are not limited to
those required for life. For example, only the cyclic forms of
sugars, such as glucose, are used by biological systems and thus
have steric compatibility with the active centers of sugar-me-
tabolizing enzymes. However, free sugars in solution consist of
an equilibrium mixture of cyclic and linear forms. The linear
carbonyl form can react with free amine groups to form Schiff
bases, and then, via double-bond migration (Fig. 1), the dam-
aged metabolites resulting from such interactions can leak into
the parametabolic mess beneath the metabolic order and add to
the deleteriome.

One way to increasing the deleteriome is by the spontane-
ous polymerization of damaged metabolites, such as cate-
cholamine-derived quinones (Fig. 2A4). In reality, such polymer-
ization occurs in a milieu abundant in proteins, which are
included in the resulting agglomerates, wherein they become
covalently modified and misfolded and thus made prone to
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Figure 2. Examples of non-enzymatic synthesis of complex compounds from simpler metabolites without Schiff base involvement. See Fig. 1 for
general comments. A, dopamine exemplifies any catecholamine. Quinone formation is possible without oxygen involvement, being driven by ferric iron
reduction (28). Cysteine may be a free amino acid or a part of glutathione or protein. 5-5-Cysteinyl dopamine is mostly protein-bound, whereas the free cysteine
gives rise to cytotoxic dihydrobenzothiazine derivatives (18, 29). B, carbamylation of any amino-group bearer is possible. Only the homocitrulline level in
human skin has been shown so far to increase with age (30). C, high reactivity of thioesters is long acknowledged in chemistry. Their ability to acylate cellular
proteins non-enzymatically is reported in several recent publications (20, 31, 32).

aggregation. Altogether, this leads to the accumulation of poly-
mers of (damaged) metabolites associated with protein aggre-
gates in the form of lipofuscin (37), neuromelanin (38), and
other forms often referred to as waste.

Countermeasures

Several reasons may be envisioned for the need to control
parametabolic short circuits, leaks, and waste heaps. The first is
to reduce the loss of resources caused by fluxes into unwanted
products. In this case, investment in measures to counter the
losses is constrained by the need to avoid consuming more
resources than are saved.
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A second reason follows from the ability of some damaged
metabolites to interfere with legitimate metabolic processes
by replacing normal metabolites in their interactions with
enzymes, transporters, or receptors whose specificity is imper-
fect. Such cases may warrant extra investment in countermea-
sures because the products are actively harmful as opposed to
merely useless.

A third reason is because some damage-prone metabolites
are present in cells not only as free entities but also as mono-
mers of macromolecules whose turnover rate is low, making the
elimination rates of damaged metabolites incorporated in mac-
romolecular structures lower than those of their free counter-
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parts. In such cases, parametabolic products may eventually reach
higher steady-state levels than are achievable when all reactant
species are free. The amounts of macromolecules modified in this
way may increase enough to produce significant effects.

An extreme of the above possibility is observed when the
turnover rate of a macromolecule is so low that its half-life is
comparable with that of a cell containing the macromolecule or
the organism itself (39, 40). In such a case, the level of modified
macromolecular species will gradually increase during the
whole lifespan of their host and unavoidably compromise vital
functions. If this is not aging, then what is?

The most straightforward way to cope with such damage is to
dilute it by increasing the normal biomass and/or to ensure the
turnover of the sum of the normal and abnormal biomass dur-
ing cell turnover (41). This mechanism operates by default in
populations of unicellular organisms and in metazoans whose
cell populations are all renewable, e.g. the coelenterate Hydra
vulgaris, which exhibits no manifestations of aging (42). How-
ever, this does not eliminate the need to cope with the loss of
resources via parametabolic products whose turnover rate is
high or with the adverse effects of the steady-state levels of
damaged metabolites. For this, mechanisms that have been
termed “metabolite damage pre-emption” and “metabolite
repair” (33, 43) have evolved. The latter are often coupled to
ATP hydrolysis and/or consumption of reducing equivalents
and thus are resource-intensive.

Strategies employed by cells to cope with parametabolic
damage, including those of the metazoans that benefit from
their non-renewable cell populations, are shown in Table 1
(41-55).

Other important aspects of counteracting the forces that
produce chemical damage to living bodies are discussed in the
next section in relation to the disposable soma theory of aging.

Evolutionary implications of endogenous chemical
damage

One conclusion from the above is that many metabolites
prone to adverse interactions, including such pivotal molecules
as carbohydrates, urea, and acyl-CoAs, were seamlessly incor-
porated into metabolism at early stages of evolution under con-
ditions that made the accumulation of their parametabolic
products negligible because of turnover and dilution. Many
known non-enzymatic interactions were at work prior to the
advent of aerobic forms of life. For example, methylglyoxal,
which participates in certain metabolic pathways in bacteria,
performs no function in other prokaryotes. Nevertheless, it is
generated in them and in eukaryotes as a by-product of glycol-
ysis. In either case, it can interact spontaneously with nucleo-
philes, including those incorporated in proteins and nucleic
acids, all this without the involvement of molecular oxygen
and/or ROS (56).

Although the range of parametabolic reactions enormously
expanded with the advent of metabolic use of molecular oxygen
and its derivatives, the unwanted consequences of metabolism
were never, and are not today, limited to ROS-related reactions
(11, 57). The examples in Figs. 1 and 2 and in Table 1 are delib-
erately chosen as cases where the initiation of damage by ROS
or nitric oxide and its propagation by free radicals are not
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essential. These examples still suggest that the deleteriome
of a system where these processes take place will continuously
increase, although its density may be maintained and even
decreased by dilution due to growth and proliferation. ROS can
contribute to the final picture quite appreciably; however, they
are neither necessary nor sufficient to make a system age.

The significance of non-enzymatic processes changed dra-
matically when it emerged in the course of evolution that the
presence of non-renewable cells (e.g. in the brain) and extracel-
lular matrix components (e.g. in the endoskeleton) could have
adaptive value for populations to the extent that their benefits
outweighed the adverse effects of damage accumulation in indi-
vidual bodies. Thus, the advent of non-renewable structures as
means of protection from exogenous hazards was associated
with the actuation of the hidden endogenous damage potential,
which previously could be neutralized by dilution and turnover
(36) and pre-emption (34).

An influential evolutionary concept directly relevant to
endogenous chemical damage is the antagonistic pleiotropy
theory of aging (58). Antagonistic pleiotropy refers to the ability
of a mutation to produce positive effects on some vital function
at the expense of negative effects on another function. Specifi-
cally with regard to aging, it was suggested that if a mutation
that offers some advantage early in life confers a disadvantage at
ages so advanced that they are virtually unachievable in the
wild, the mutation must be supported by natural selection
because, at the population level, its later-acting disadvanta-
geous effects are outweighed by the earlier advantageous ones.
As aresult, the vitality of aged organisms must be compromised
by the late disadvantageous effects of the genes whose early
advantageous effects increase the chance for organisms to
survive to the ages of manifestation of their disadvantageous
effects.

Some of the concerns about the antagonistic pleiotropy the-
ory include the actual identity of genes that produce early ben-
eficial and late detrimental effects and of mechanisms that
switch the effects from beneficial to detrimental (59). However,
the above view on the causes of damage to metabolites and
macromolecules changes the entire dispute. Any gene whose
protein product, such as an enzyme, is involved in the produc-
tion of a vital metabolite capable of unwanted interactions fits
the concept of antagonistic pleiotropy insofar as it produces the
direct beneficial effects on vitality through the metabolic func-
tions and the adverse pleiotropic effects through the excessive
chemical potentialities of its metabolic product. The adverse
effects gradually increase with the accumulation of the results
of unwanted interactions, such as the agglomerates of their
products and/or damaged slowly turning-over proteins and
nucleic acids. That is, the adverse pleiotropic effects are not
late-acting, as they are commonly thought to be, but are cumu-
lative (36). Another corollary is that there are no, and there
never were, genes that are completely free of adverse pleiotro-
pic effects. Antagonistic pleiotropy responsible for aging results
from gene activity in the context of the whole system of inter-
acting genes and their products rather than from any of its
specific components taken separately at different points in the
lifespan. Therefore, the diversity of damage forms will always
exceed the number of protecting mechanisms, and, for non-

SASBMB

VOLUME 292-NUMBER 15-APRIL 14,2017



MINIREVIEW: Biochemistry of aging

“F€ "JoY Ul punoj aq Aew sapdwrexa Y10 ,,

‘s1owk[od A¥nq 1nq 11aut £[pane[al A4q pardnooo aoeds SuIseaIdur Jo $109)Jd ASIOAPR
paAe[op Jo asuadxa 9y} Je padnpai sI sIaWouoW IANRIeAT A[YS1y Aq aFeurep ajerpawu]

'syonpoad sewep [edrwayd snousfopua Jo

UOT}2IOXD B} UT PAAJOAUT 3q Aeur s)TS ueyd1o asay) Jo aw0g *(GG) Aerisqns

pajiodsuer) UMOWY B J3IM PIIRIDOSSE J94 10U aIe s19)Tenb-2a1) ‘souad TS

uBWNY UMOWY O0F INOqe Suowry ‘swsrueydaw Jurunsuod-431aus £q pajerausd
sjuarpeId suerquiawisuer) uo puadap sHTS AU *J Y dwnsuod siayrodsuen Dy

‘urdsnjodi] JO WLIOF S} UT JWT) YIIM S)B[NUNDOIE
Ppue uonepeISap IsIsal Ued ‘g pue T 'SSI] UT UMOYS Sk ons ‘9Feurep Jo SWIof
SWOS “19AdMO} "SaW0s0sA] pue sawrosoFeydone jo spisino afeuwrep Jjo [2A9] ATeuone)s
5[qI9[0) B JO SOUBUSUTRW 3]} ‘SNY) ‘pUB SJUINITISUOD [[3D JO I9AOUIN] [B10] B}
21nsua £d1]) ‘SUOTIPUOD J[qeIS Iopu() "Passadoid SI [errajews pafewrepun Ue J1 9)sem
ou aonpoid Aew yons se ‘pue spuewap urdueyd 03 Surpiodde snal pue

uorjepeISap 119y} Aq $90IN0SAI [[90 9)8DO[[BAT 0] JYSNOY) dI€ SWISTURYDIIUT IS T,

‘d 1V saumsuod uoneunmbiqn

'(0S) s92anosai a[qe[reae uo spuadap AJ[eonLd aa10l1adal s[qepiojje
1194 JeY] DAISUIUI-90IN0Sa1 pue xa]duiod os a1e swsrueydaw aredar YN

"UOT)OBAI UOTIR[A190BIP A1) UI paUINSUOD ST (TYN

*J LV SOWNSUO0D JSBUIY-C-IUTUIRSOIONI]

*(S0€TSST qXe ) sanssn uewiny ur surejord Juepunge Jsow 9G ) Suowre
ST UYDIYM “T-((] JO J9AOUIN) PUE SISOYIUAS 33 J0J paImnbal a1e $s301mMosay

‘uone1auadal )1 10j Juads a18 $20IM0SaI ‘910J219Y) ‘Juade Surdder) aproms e s1 aUISOUIR))

'SUOIOUNJ DI[0eIAW [eSeq
10j pa1mbai Jey) MO[aq [[BJ 10U ISNW 3)I[0RIAW PAYISAIP S} JO [9A3] YT,

*(S%) sarensqns st Jo

sa)e1 UOISNJJIP 33 Aq pajruur] st uonponpoid OOHIN 91eSniw 03 A)iqe

asoym (T6TEFST qQXed) dserowost areydsoyd asotn st 0s pue (685581 qAXed)

sanssn uewny Auew Ut surejord Juepunqge 3sou 9g ay) Suowe st | o[ ‘A[qeIoN
‘sowidzud uorduwa-axd Jo J9A0UIN) pUE SISIYIUAS 3} 10J Juads a1 $90IN0SAY

‘S[[90 papeo[-aFewrep $s9] pue 910W A[9ATJE[I
o suonzodoad ayqersajo urejurew o3 paambax st uonjerdyroad [[20 Sumunuo))

*S[[90 A[qEMIUII-UOU
Jo aouasaxd ay Aq papIojge sjjauaq Ym spqredwosur st sty T,
‘[BLIDJRW T9A0-SUTUIN] JO SISAYIUAS 040U 9p 10J Juads a1 S9DIN0SII J[B[IEAY

"U0}I[AXSOPUD PUR UTRIq dY) UT Juasaxd asoy) se yons ‘samionas
3]qeMAUI-UOU JZIS-PAXY UO A[I Jey]) sarSajens [ed130[o1q yiim
a1qredwoour ST ST T, “PAITWITUN 3¢ ISNUT JUNOUIR/JZIS/SSBWOI] UT SISBIIOU]

*(8€) urueWOINAU
pIRIL 03 Ajsnoauejuods szrrawd[od ssuoumb paALIap-aurUIR[OYdIR))

‘uonduwaaid sSewrep jo pue Surdden 1oy jo

syonpoad oy pue sajrjoqelaw pagewep orrydoapAy 10y any aq

Isnur aures ay I, *(g5) paambai a1e suajoad (HS) 19111eD 9)NjOS 10

(%S) s10110dsuen) (Dgy) 9139ssed SuIpuiq-J 1V se yons s1ayiodsuer)
‘SOUBIQUISW [[9D SSOIOE SIII[ORIIW J[qN]os-1d)em Jo aSessed ay) 103

(¢) £8eydoneordey

(g5) A3eydoneosndtn

(z5) ASeydoine pajerpaw-suoradeyD
(1) wasAs rewoseajord-unmbiqn

aredax YN
(1) syoD-14oe 4q
Aqreonyewizua-uou paSeurep surajord woay sdnoid [£oe sarowar urmiars ¢ 1S
"A1An0adsar ‘(gF) saseok[3ap
adAy-2d1ed/T-(( PUe (8F) 9SBUID-C-aUTUIES0IONI) A] SPIOR OUTWE 931] pUe
sura101d wWoIy paAowal are s)onppe [exoA[SAyrow pue sjonpoid Lopeuwry

‘(%) autsoured apndadip ay 4q padden st [exoA[SAyIaN

"(9%) Aemyyed aanjeuIS)[R UR 0] WAY) SUNISAIP Aq pajTwul] ST
SISOUIUASOI( UIAR[JOLI JO S9JRIPIULISIUT SNOPIRZEY JO UOTIR[NWUNIDY

“(GF) 218308-a 312u1 03 (ODIN) [exOK[SAyrow
9ATIORII JIDAUOD JUOTYIeIN[S YIIM 1190U0D UI [ pUe | (O[5)) SISE[EXOA[D)

(FF) 35894 ur Surppnq uodn [[90 19yj0W 0) SeIq
afewrep pue 7702 v1y2149Y2s7 Ul UOTSIATP uodn uonjeSaidas afewreq

(T¥) Stv3na vappy

(1%) uonrepndod [0 Surmoid Auy

[esodsiq

uonaIXg

JdueIRI[)

redoy
Surddery,

MO[JISA0 ,pajdadi(]

yuondwa-a1g

agewrep jo uonnred uardun

I9A0UIN} [BJO],

uonnpiq

SUOTJEIIWI] PUE §1S0))

sapdurexy

uondQ

abewep |ed1wayd snousbopus ay3 yum adod 03 |93 d|ay 1ey3 swisiueyda|\

L 3jqel

JOURNAL OF BIOLOGICAL CHEMISTRY 6033

SASBMB

APRIL 14,2017 «VOLUME 292+NUMBER 15



MINIREVIEW: Biochemistry of aging

renewable systems, the consequent cumulative damage will
necessarily increase, manifesting as aging.

A common misconception worth mentioning is that damage
results from “stresses,” such as oxidative stress (60) and car-
bonyl stress (2, 9). Stress is thought of as a condition wherein
the effects of damaging factors surpass the ability of the system
to protect itself from damage. However, damage occurs regard-
less of stresses, which merely modify the rate and composition
of damage accumulation. For instance, in mammals under con-
ditions assumed as basal, the gaseous products of lipid per-
oxidation are still exhaled (61) and damaged nucleosides are
excreted (62).

It is possible, in principle, to slow down damage accumula-
tion by supplementing pre-emption, repair, and elimination of
damage to metabolites with repair of damage suffered by non-
renewable proteins (48, 63) and DNA (64). However, increased
investment into self-maintenance increases its total cost at the
expense of other functions essential for survival of a population.
This is what the “disposable soma theory of aging” is about:
protection from damage that causes aging is limited by the need
to allocate a part of the available resources to reproduction (65).

An important but largely overlooked question related to this
theory is the quantitation of the energetic cost of damage to
metabolites and macromolecules and its repair or pre-emption
(including the costs of producing the enzymes that do nothing
except protect from damage), particularly relative to the costs
of other “maintenance” processes such as macromolecule turn-
over and sustaining chemical and ion gradients (66). A part of
the problem is that the overall costs of maintenance are poorly
understood and handled as a “black box” in current metabolic
models rather than being partitioned among biochemical pro-
cesses (67, 68). Another challenge is that good kinetic data for
spontaneous reactions under iz vivo conditions are very often
lacking, making it hard to estimate the rates of formation of
damaged metabolites. Special measurements under conditions
that mimic those in vivo, as in Ref. 69, are required for that.
Nevertheless, there is reason to think that parametabolism con-
tributes significantly to maintenance costs, as, for instance, in
the case of S-adenosylmethionine, which suffers relatively high
rates of spontaneous racemization as well as cleavage and hy-
drolysis (70) and is energetically expensive to repair or replace
(34).

However, it is still unclear whether the above total costs
amount to, say, 50, 10, or 1% of the total energy flux. The lowest
of these estimates would make the cost of coping with endoge-
nous damage almost irrelevant, thus making the disposable
soma theory less relevant, too.

Both the antagonistic pleiotropy and the disposable soma
theories in their classic forms are based on considerations
derived from evolutionary theory, population genetics, and
physiological and ecological tradeoffs. These theories either
treat the chemical constituents of living organisms as if they
impose no constraints on “molding of senescence by natural
selection” (71), or admit such constraints but treat them as
resulting from unfortunate “frozen accidents” that were missed
by selection. Why selection missed them is then explained in
terms of tradeoffs or other balances, which is circular reason-
ing. This approach is comforting in that accidental flaws (and
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by inference aging) are more likely to be amenable to elimina-
tion than are essential features. However, “ignorance of the law
excuses not.” By the laws of chemistry, carbonyls react with
primary amines. This is not suggested by evolutionary theory
and cannot be eliminated by natural selection. Water’s capabil-
ity of adding to carbon-carbon double bonds will be realized
upon whatever opportunity, such as interacting with NAD(P)H
to form NAD(P)H hydrate. Shifting the equilibrium between
dysfunctional NAD(P)H hydrate and functional NAD(P)H
toward the latter is possible at the expense of ATP hydrolysis by
the repair enzyme NAD(P)H-hydrate dehydratase (72).

Another important aspect of chemical damage to biochemi-
cal systems is that any biochemical means devised by evolution
to cope with such damage expands the range of possible inter-
actions, including adverse ones. Thus, superoxide dismutase
(SOD), which disposes of harmful superoxide, yields hydrogen
peroxide, which is prone to forming hydroxyl radical via the
Fenton or iron-catalyzed Haber-Weiss reaction. Therefore,
SOD must be coupled with catalase or peroxidase. Increasing
Cu,Zn-SOD expression may result in increased oxidative dam-
age, and in some experimental settings, mimics phenotypes
observed in Down’s syndrome patients (73). Cu,Zn-SOD itself
is inherently prone to aggregation (74), so that the mutant
forms that are responsible for the hereditary amyotrophic lat-
eral sclerosis merely exaggerate an existing tendency. From this
perspective, it is no wonder that the incidence of the sporadic
adult-onset forms of this disease is above zero.

Physiological implications of endogenous chemical
damage

A good case for applying the ideas discussed above to a spe-
cific situation is provided by bisretinyls, the major constituents
of lipofuscin that accumulate in the pigmented epithelium of
the eye. Bisretinyls, such as retinal dimer (Fig. 1B), are byprod-
ucts of visual cycle biochemistry (75). 11-cis-retinal bound to
the e-amino group of lysine 296 of opsin in the outer segments
of photoreceptor cells is converted to all-trans-retinal upon
accepting a quantum of light. Although the imine moiety of
retinal bound to opsin is formed in a non-enzymatic reversible
manner, retinal is kept in its place by non-covalent interactions
of its 11-cis configuration with properly arranged side chains of
the other amino acids of rhodopsin. The all-trans-retinal does
not fit opsin structure and is expelled from it. On the one hand,
this is associated with opsin conformation changes triggering
signal transduction via G-proteins. On the other hand, libera-
tion from opsin enables retinal to form Schiff bases with amino
groups, including those of phosphatidylethanolamine in pho-
toreceptor cell membranes. To avoid this, all-trans-retinol de-
hydrogenase consumes NADPH to reduce all-trans-retinal to
the less noxious all-trans-retinol. Retinol is transferred to pig-
mented epithelium cells, where it is converted to 11-cis-retinal.
The latter enters receptor cells and forms the Schiff base with
lysine 296 of opsin there.

Without delving into important details and conflicting views,
it is sufficient in the present context to point out that the func-
tional demands of light perception ensure that the aldehyde
retinal is constantly present in a free form in an environment
rich in ethanolamine moieties. The result is that the reversible

SASBMB

VOLUME 292-NUMBER 15-APRIL 14,2017



Schiff base formation from an ethanolamine moiety and retinal
can be followed by the irreversible addition of another retinal to
the product, and after a series of further rearrangements, by the
formation of retinyl dimer (Fig. 1B) and a host of related com-
pounds accumulating in photoreceptor membranes, which are
constantly shed off to be phagocytized by pigmented epithe-
lium cells. The poorly degradable retinal dimer and related
products form lipofuscin deposits in pigmented cells and thus
increase the risk of macular degeneration, the most common
form of age-related vision loss.

Several lessons follow from the above case. First, damage
accumulation results from normal functions, and the pathways
of damage formation may become clear only after the molecu-
lar details of normal functions become known. Second, damage
manifests itself in a functionally significant manner at ages
rarely achievable in the wild under the conditions in which the
species in question evolved. Therefore, there was no selection
pressure toward the prevention of accumulation of this sort of
damage. However, there was pressure toward preventing any
immediate damage, even at the expense of later adverse conse-
quences. In fact, lipofuscin accumulation in pigmented epithe-
lium is a consequence of clearing of photoreceptor cell mem-
branes from damage caused by retinal liberated in the course of
light perception. Third, via a series of transitions through rap-
idly turning-over cell constituents, damage finally accrues as a
slowly turning-over material in the non-renewable component
of a functional system where the deposits of damaged metabo-
lites accumulate. Fourth, the pathways from metabolite damage
to the accumulation of agglomerates of damaged metabolites
and, further on, to age-associated functional decline may be
deciphered at a resolution approaching specific chemical inter-
actions between metabolites, which leaves no place for specu-
lations regarding the causes of aging.

Lipofuscin abundance in steroid hormone-producing or-
gans, such as testes, ovaries, and renal cortex, highlights other
important aspects of molecular damage and its evolutionary
origin (or neglect?). The latest evolutionary extensions of ste-
roidogenic pathways yield products destined for secretion as
hormones even though their chemical properties make them
pseudo-substrates for some upstream steroidogenic enzymes.
By binding to the active centers of these enzymes, the end prod-
ucts of steroidogenesis, such as testosterone (76) or cortisol
(77), initiate one-electron oxygen reduction but do not react
with the resulting ROS, which are released and damage every-
thing in their vicinity, starting with the enzymes themselves.

The maximal steroidogenic capacities of testes, ovaries, and
adrenal cortex markedly decrease during aging; however, their
actual productivities decrease much less (78). A likely explana-
tion of this discrepancy may be the observation that the nega-
tive feedback regulation of steroidogenic tissues is mediated by
central catecholaminergic neurons, whose functions become
compromised with aging (79). Catecholamines and their
metabolites and parametabolites are prone to Pictet-Spengler-
type interactions yielding products implicated in age-associ-
ated parkinsonism (17), and are subject to oxidation yielding
neurotoxins (80), including quinones (81). These quinones in
turn polymerize (Fig. 24), leading to neuromelanin accumula-
tion in catecholaminergic neurons present in brain structures
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whose deterioration is implicated in emotional and cognitive
disorders (82, 83). The production of certain steroids may
actually increase with aging in some animal species (78, 84),
probably due to the release from inhibition mediated by cat-
echolaminergic mechanisms, which may overcompensate for
the decreased maximal steroidogenic capacity.

Altogether, such relationships may generate species-specific
patterns of age-associated physiological changes, giving the
appearance of a programmed process. However, such patterns
are a sort of quasi-program formed as a by-product of genuine
programmed (genetically determined) functions whose opera-
tion generates noxious parametabolic products (35). As aresult,
the functions of even the renewable components of a system
will be compromised during aging by their milieu, which
becomes progressively non-optimal because of quasi-pro-
grammed changes in the non-renewable components.

Concluding comments

Recent advances in the metabolomics of aging (85-90)
defined patterns of age- and disease-specific changes in the
levels of metabolites, i.e. low-molecular-weight, enzymatically
generated compounds used in biological systems. Such com-
pounds have specific places in metabolic maps, databases, and
models of metabolism (12, 13, 91). These resources, however,
omit the many cellular compounds that, like those in Figs. 1
and 2, are formed via chemical side reactions. The recently
launched chemical damage database project CD-MINE (19)
sets out to fill this gap.

Notably, spontaneous chemical reactions between metabo-
lites are often labeled with proper names, such as Schiff, Pictet-
Spengler, Amadori, Mannich, or Michael, just because they are
typical and will take place wherever the respective reactants
come together. Thus, from the chemical point of view, a meta-
bolic system cannot but be plagued with numerous short cir-
cuits, leaks, and other adverse concomitants of metabolism.

Unwanted reactions of this sort give rise to diverse damage
products that increase in number and abundance with age and
are adjusted (with regard to both composition and rate of
increase with age) by interventions that affect lifespan (88).
These reactions in their entirety are sufficient to cause what is
generally termed aging.

Logically, any pursuit of what aging is must end with an
explanation (the explanans) that resides outside of what has to
be explained (the explanandum). In this Minireview, we root
out the cause of aging in the unwanted, “surplus-to-metabolic-
requirements” chemical properties of the constituents of
biological systems. This approach — unlike current evolution-
ary theories of aging — takes the explanans out of its explanan-
dum. An interface between the two is metabolism — the quint-
essential attribute of life making biological aging different
from the wear and tear observed in inanimate things. Abro-
gation of many of the alleged individual causes of aging (e.g.
damage to DNA (92) or damage by free radicals) will only
modify, but will not stop aging. As to the endogenous chem-
ical damage, to abrogate it is the same as to abrogate metab-
olism, i.e. life itself.
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