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The Crosslinkage theory of aging.
Johan Björksten.

Björksten Research Foundation, P.O. Box 775 Madison 1, Wisconsin, U.S.A.

Background and Definitions
The obvious changes — anatomical and psychological — which

occur in aging must necessarily have developed from changes
on a cellular level; these changes in turn must have originated
on a molecular level. Early evidence revealing that fact was
provided by Northrop anil Loeb in 1916—17. They showed that
the mortality rate of the banana fly Drosophila has the tempera-
ture coefficient of a chemical reaction. Therefore, if we want
to  start the exploration of aging from its origin, our first question
is: “Which chemical reaction initiates the sequence of events
that ends in functional impairment, degeneration, senility and
death?”.

In seeking the answer to this question, we must pay primary
attention to those molecules which above others are carriers
of vital processes. This leads us to the proteins and nucleic acids.
Next, we must determine the most frequent way in which these
molecules are damaged. The scanning of all types of reactions,
which could be in question, very rapidly singles out one of these:
crosslinking. The leverage of this type of reaction is overwhelm-
ingly great. One single small molecule which is capable of reacting
to join two giant molecules will immediately double the molecular
weight of the aggregate, totally changing the solubility, swell-
ability, permeability, indeed all of the biologically critical
properties of the aggregate. In fact, one single crosslink for
every 30,000 component monomer units is enough to change
entirely the solubility behavior of the molecules. Therefore,
crosslinkagc could quite well be that very first molecular change
which initiates the sequence of events leading to senility and
death. Incidentally, the time-viscosity curve in a crosslinkage
reaction has been shown to match closely the time- mortality
curve for humans.
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The crosslinkage theory states that the principal initiating
reaction in aging is the Unking together of two or more macro-
molecules in any4 maimer that can to be reversed in the orga-
nism in question. Such linking together can be caused by a
small bifunctional molecule accidentally contacting each of two
macromolecules, or caused by a direct side to side contact be-
tween reactive sites on the macromolecules themselves. The
bond can be covalent, or a hydrogen bond, or perhaps even some
form of bond not yet discovered, or all of these, so long as the
bond is strong enough not to be breakable by the resources of the
organism in question. For reasons apparent below, the oleophilic
bond, collagen derived bonds and sulfur bonds appear to be
eliminated as major causes of aging in the system most closely
studied to date.

Once two macromolecules are linked at one point, the
molecular motion will cause them to make further contacts
with each other, thereby increasing the probability of addi-
tional crosslinkages being formed between them. Additional
macromolecules may join the aggregate. As this progresses, the
cells become increasingly burdened with an accumulation of
malfunctioning or inert large molecules which cannot be removed.
In  addition, irreplaceable nucleic acid molecules may be damaged
leading to mutations or, more frequently, to cell death. Such
cell death is critical, because some vital cells (such as nerve
and large muscle cells) do not divide and thus cannot be re-
placed. As brain cells die, or are impaired in functionality,
mental abilities will decrease. As glandular cells are clogged
by non-removable crosslinked aggregates, the secretion of
hormones will decline, causing other deleterious changes through-
out the interdependent systems of the body.

Sometimes the crosslinkage theory has been connected with
the waste product theory. However, these two theories have
little in common. The crosslinked molecules are not clinkers,
but important functional molecules which are immobilized by
crosslinking accidents. Such accidents are random. They are
not an inherent part of a normal metabolic process, as are the
waste products. In waste product theory, aging is caused by
normal metabolic process waste products which choke the
system. In crosslinkage theory, the gerogenic process affects
proteins, nucleic acids and possibly other vital macromolecules,
which gradually lose their function and
1. create a deficiency of one or more irreplaceable molecules;
2. while inert in the cell, interpose a network which impedes

intracellular transport;
3. progressively reduce the volume of space available for vital

molecules within the organism.

Supporting Evidence
The crosslinkage theory was first presented in 1942 1 on the

basis of observations made on collagenous protein extracted
from pigskin with aqueous extractants at low temperatures
(High Bloom pigskin gelatins). R.  S. LaBella, F.  Verzar, R.  R.
Kohn, S. Bakerman, H.  Elden, Arthur Veis, K.  A. Piez and
many others have since studied collagen in great detail. There
is now a superabundance of evidence of crosslinkage progressing
with age, and of the obvious effects of this process. E.  Heiskanen
has recently summarized the growing literature in this area.2
It has been fully proven by many authors and beyond possibility
of rational doubt that, in collagen, crosslinkages increase with
age both intra- and inter-molecularly.

In the body, all of the proteins and nucleic acids as well as
possibly other large molecules having reactive groups are
exposed to the same crosslinking reactants as is collagen.
Furthermore, there is the proximity to each other, so that
random crosslinking between them is a certainty. Although
the ease of working with collagen has caused a somewhat
wasteful concentration of research on this particular protein,
sufficient work has now been done with other large molecules
to show to the satisfaction of many researchers that crosslinkage
with aging is common to all of them. Medvedeva has found
progressive insolubilization of proteins with aging in humans;
Alexander, Swarcbort and Stacey have shown the feasibility
of covalent crosslinkages in DNA in vitro; von Hahn and
Verzar have shown crosslinkage with age in nucleic acids; and
Björksten, Andrews, Bailey and Trenk for aggregate proteins
in rat liver.

However, many researchers do not accept the existing evidence
as sufficient to prove that crosslinkage is the general underlying
reaction which dominates the onset of the aging syndrome.
Despite their reluctance to agree, the accumulation of evidence
appears overwhelming. For example, a substantial number of
investigations have been published which show that the pro-
gression of aging is typically accompanied by loss of elasticity
of all tissues, increase in molecular weight of collagens, reduction
of solubility and swellability, increase of brittleness in osseous
and other tissues, and increase in oleophilicity of at  least arterial
walls and collagenous tissues. Pertinent literature has been
listed in previous publications which the reader may find of
interest.3 12

To the polymer chemist this evidence is compelling, and can
only mean that crosslinkage is taking place on a broad scale
and to an extent sufficient to account entirely for the observed
progressive disruption of all life processes with aging.
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On the other hand, the medically oriented researchers, with
some exceptions, consider this type of evidence as too indirect,
and not clearly enough connected to those specific symptoms
with which each of them is particularly familiar. They are more
impressed with the in vivo experiments of Milch and co-workers 4
who showed (with test animals) that the administration of
known crosslinkers normally present as intermediates in human
metabolism causes lesions apparently identical with those caused
by degenerative disease in humans; with the finding of H.  H.
Zinsser Jr. and co-workers 6 showing, by X-ray diffraction on
human aorta, that spacings between large molecules in aggregates
coincide with the spacings for crosslinkage by those metal
oxides which are observed to accumulate in these tissues with
progressing age; with the finding of Alexander and Connell 6 11

that the life span of mice is greatly reduced by administration
of bifunctional crosslinking agents but not by equally mutagenic
noncrosslinking substances; and with the classical experiments
of Maria Rudzinska 7 who in the unicellular Tokophrya showed
the progressive precipitation with age of proteinaceous substance
showing remarkable similarities under the electron microscope
with precipitates found by Sulkin in human organs.

The molecular biologist or biochemist tends to discount this
latter evidence as not identifying clearly enough the entire
chain of events between birth and death. He is more impressed
by the experiments in which radioactive tracer substances were
administered to small mammals prior to birth. The tracers were
fed to  their pregnant mothers, and then were identified in steady
state positions after 600 — 800 days in the offspring.9 The
occurrence of a steady state has been identified by cessation of
excretion of tracer and, in some cases, by the absence of any
radioactivity in tumors formed in the animal subsequent to
the attainment of the metabolic steady state by the radioactive
molecules remaining in the organism.

For example, the most rapidly metabolizing major organ is
the liver. While much larger amounts of radioactivity tend to
accumulate in other organs, the liver presents the most acceler-
ated test condition, and was therefore the first organ investigated
in some detail, from a radioactive rat which died 809 days after
its birth. The mother of this rat received 8 millicuries of tritium
at the time of parturition. Thus, the entire amount of radio-
activity of this rat was received from its mother, and remained
in the animal 809 days, long enough to establish a steady
condition state.

The liver of this animal was extracted to remove water,
acetone and chloroform-methanol solubles; the largely nitrogen-
ous residue was hydrolyzed at body temperature. Five water
soluble peptides resulted; these were then hydrolyzed with

acid at  110°C and found to contain in the aggregate the following
isotope-tagged amino acids only: lysine 30 %, arginine 20 %,
aspartic acid 20 %, glutamic acid 17 %, serine 10 %. The
remaining 3 % of radioactivity resided in an ether-soluble
fraction, and was definitely not any fatty acid between C]0
and C26,

After the above mentioned hydrolysis at room temperature
a smaller fraction remained unaffected and still insoluble in
water, urea, acetamide, dimethyl sulfoxide, detergents and so
forth. This fraction was also hydrolyzed with strong acid at
110°C, and appeared to contain the same radioactive amino
acids as the soluble peptides above. The much lower radio-
activity of this fraction necessarily reduces our certainty of its
composition.

A separate, milder hydrolysis of a portion of the same in-
soluble fraction showed the apparent presence of 0.17 % of
ribose, when analyzed by the colorimetric method of Dische
and Schwartz.

The molecular biologist is also impressed by the fact that
the foregoing amino acids, in which the tritium administered
at birth remains lodged, after attainments of steady state, all
have polar side chains. They are thus readily capable of forming
covalent cross linkages under physiological conditions.

The additional finding of 0.17 % of ribose in the hydrolysate
of a very refractory radioactive molecular aggregate after steady
state was attained suggests that ribonucleic acid molecules
participate in crosslinkage processes about in the proportion
of their accessibility and reactivity.

Objections
Against the impressively mounting evidence in favor of

crosslinkage being the principal gerogenic reaction, only two
objections have been raised. These are:

1. In 1964, Verzår wrote: “Björksten has used his theory of
crosslinking to explain the aging of all proteins which then
become insoluble. This — he says — may disturb metabolism
and cause aging. In contrast to this view, it is shown that only
non-renewed substances age. Most cells being continually renewed
are not aging.” 8

2. Both Verzår and Sinex state that it has not been proved
that a sufficient number of crosslinking agents are present in
a normal organism to account for the phenomena which occur
in aging.

The first of these objections was anticipated and answered
in 1942 as follows: “In the living organism this tanning (cross-
linkage) is counteracted by the continued state of flux in the
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Fersini and Ripa quote 149 references of which many show
the occurrence of acetaldehyde in vivo.

Almost equal in rapidity in crosslinking proteins and nucleic
acids are other aldehydes: the water-soluble monomeric to
( 3 aliphatic monoaldehydes and the C2 to C5 di-aldehydes,
including several known metabolites such as glyoxal, glyceral-
dehyde, and pyruvaldehyde. Lipid oxidation leads to the
formation of many aldehyde crosslinking agents including
acrolein. In addition, the lipid oxidation derived crosslinkers
include peroxides and epoxides.

The crosslinking (tanning) efficacy of the oxidation products
of unsaturated oils was shown as “well known” by Isaacs in
1915. It can be dramatically demonstrated by emulsifying 1 to
2 % of an unsaturated oil such as safflower oil, or such as methyl
linoleate in a gelatin gel melting around 53°C. If such a gel is
exposed to ultraviolet radiation from the sun or from a mercury
lamp for a couple hours and then placed in the dark, no change
in the melting point will be immediately apparent, but the
melting point will steadily increase in the following weeks until
in about 4 weeks it may exceed the decomposition temperature
of the gelatin. Thus the crosslinkages causing this increase in
melting point do not seem likely to have been formed by any
unstable free radicals or the like, but rather by relatively stable
reaction products formed at the time of the irradiation and
gradually reacting with the gelatin to effect the crosslinkages.

The crosslinking agents formed from unsaturated fatty acids
are particularly significant because of the site of their formation.
Most of the unsaturated fatty acids are constituents of the
phospholipids in cell membranes. These same cell membranes
are the sites of the nucleic acids and of all enzymes in the cell.
A crosslinking agent formed in this environment has the best
possible chance of striking a nucleic acid molecule, locking the
two strands together so that they cannot part in a subsequent-
division, The two strands remain bound together covalently.
This will result sometimes in a mutation, most often, however
in the death of a cell on mitosis.

When a crosslinkage involves both strands of DNA, this
damage is irreparable. The known mechanisms for removal
and repair of damaged nucleotides in DNA depend on removal
of elements from a damaged chain in the double helix, and
using the other chain as template for reconstruction. Such
mechanisms should function well for damage to a single chain,
and might oven be able to reverse many intermolecular cross-
linkages where only a single chain of the DNA helix is involved.
However, where both chains of a double helix happen to become
linked together at the corresponding points, there will remain
no template that can be used. The non-repairability which results

protein molecules which are continually split and re-synthesized.
In  this interplay of synthetic and splitting reactions, the protein
molecules are broken down before tanning has gone very far,
and re-synthesized in their non-tanned state.” 1 This mechanism
of regeneration by continued breakdown and re-synthesis is
inherently carried on most rapidly in cells of high metabolic rate.
This explains why such cells are much less susceptible to aging
than the nondividing cells. In addition, crosslinkage of DNA
leads to death or mutation of the cell in the next mitosis, thus
eliminating its candidacy for aging.

The second question is crucial. It is obvious to all that cross-
linked large molecules cannot function normally and that
crosslinkage on a large scale unavoidably must cause a broad
deterioration in all organs, given enough time. It is equally
obvious that if crosslinking influences or agents are not present
in a quantity sufficient to cause appreciable crosslinkage in
vivo, then the crosslinkage theory must be discarded.

A really comprehensive survey of all reports of crosslinking
mechanisms effective in vivo would expand this presentation
far beyond allowable limits. However, even an incomplete and
summary presentation of pertinent findings should suffice to
establish that crosslinking agents and influences are abundantly
present in living organisms:

Aldehydes
Formaldehyde is the most active of the aldehyde type

crosslinking agents. Because of the speed of its reaction with
all proteins or amino compounds, it will not accumulate as such
in the organism. However, it has been found in vivo as a result
at least of the following metabolic reactions:
1. Dimethyl glycine 4- 1/2 O2 -> Sarcosine 4- formaldehyde
2. Sarcosine 4- FAD -> glycine + formaldehyde 4- FADH2
3. N-methyl-l-amino] acids 4- O2I -> 1-amino acids 4- formal-

dehyde
4. Erythrulose-1-phosphate -> dihydroxyacetone phosphate 4-

formaldehyde
5. D-ribose-5-phosphate -> erythrulose-l-PO 4 4- formaldehyde
6. Alpha keto gamma hydroxybutyrate -> pyruvate 4- formal-

dehyde
7. Serine 4- aldolase -> glycine 4- formaldehyde
8. Deoxycytidylate 4- formaldehyde -> 5-hydroxy methyl-

deoxycytidylate
Acetaldehyde, which is somewhat less active than formal-

dehyde, has been found in the blood stream. In  the bibliography
on the formation of acetaldehyde in metabolism, Pansini,
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Quinones
The quinone induced crosslinkages have the highest hydro-

thermal stability, not even exceeded by that of the chromium
linkages. These quinone crosslinkages have been implicated in
senile cataracts, particularly by Uyama, Ogino and co-workers
and have been found present in aged hearts. In fact, quinones
arc present in every living cell as an indispensible link in the
oxidation chain. Catechol derivatives are oxidized to ortho-
quinones by peroxidase, and adrenaline is biologically oxidized
to adrenochrome. Green and Richter isolated this very reactive
orthoquinone in crystalline form.

from this kind of damage seems particularly critical for the
non-dividing brain and large muscle cells, which must last
through life.

Sulfur crosslinkages
Oeriu has postulated the significance of disulfide linkages in

senescence. His postulate is not without support; sulfur cross-
linkages have been the subject of a vast amount of study in
the fields of elastomer technology, particularly because they
are the basis of the vulcanization process discovered by Charles
Goodyear in 1839, which provided the keystone for modern
elastomer technology.

It is notable however that the sulfur bearing essential amino
acids (methionine and cysteine) are not among those which
so far have been found fixed in the body from birth to death
in the rat.9

Alkylating and Acylating Agents.
A chief reason why radiomimetic agents and niustard gases

so often are crosslinkers of the alkylating type is that the more
rapidly acting crosslinkers (active aldehydes, quinones, heavy
metals) react and are trapped before they have had the time to
penetrate into the cells. The alkylating and acylating agents
are generally sufficiently slow-acting to be able to penetrate the
coll membranes, yet sufficiently fast acting to cause rapid results.
Bifunctional agents of this sort which might possibly be expected
to occur in normal metabolic reactions include co-enzymo A or
adenosine related esters suds as, for example, succinyl-, citryl- or
malonyl diesters, diacetyl glutamate and possibly some polymers
of acetyl glutamate, acyl adenylates and peptides with more
than one mono methyl substituted amino group. Alexander
and Connell report that bifunctional mutagens (thus crosslinkers)
shorten the life span of mice very substantially; the mono-
functional mutagen used for comparison did not shorten the
lifespan appreciably in spite of its having the same mutagenic
effect. This has been cited repeatedly as evidence that cross-
linkage within cells shortens life, while mutagenicity per se
does not.

The percentage of total amino acid tritium found 600 — 800
days after administration, when a steady state was established,
was slightly less than 10 % lodged in serine, the only hydroxyl
bearing isotope carrying amino acid found present. On a mole-
cular basis, however, this is considerably higher because serine
has the lowest molecular weight of the 5 amino acids involved.
This appreciable fixation of serine in the frozen metabolic pool
gives added importance to alkylating and acylating agents as
gerogenic crosslinkers.

Integrally formed crosslinkages
We also have to consider the crosslinkages which are formed

as integral parts of the reacting molecules, without any external
reactants. Picz and LaBella have particularly studied this type.
Piez has shown that specific lysine residues can be converted to
aldehydes which react to crosslink collagen. LaBella and Paul
have shown that oxidation of constituent tyrosine residues can
form reactive quinoid structure capable of binding adjacent
functional groups covalently.

Free radicals induced by ionizing radiation
Free radicals have long been known to be powerful cross-

linking agents and are used as such routinely in the plastics
industry to cause crosslinkage, thereby increasing the tempera-
ture stability of the plastics. A part of the crosslinkages in the
body may be due to cosmic radiation, naturally occurring
radioactive isotope of potassium, and incidental contact with
fallout, X-ray equipment, diagnostically used radioisotopes,
and luminous dials in watches or other instruments. These are
special cases of crosslinkage. Inasmuch as the average human
in a lifetime is exposed to about 200 Roentgens, and approxi-
mately 4000 Roentgens of long term exposure are required to

V cause changes equivalent to senility, it is apparent that the
J radiation induced radicals under the environmental conditions
j' still prevailing could only cause a small fraction of the total

crosslinkage in the body.

Antibodies
Walford, who pioneered the auto-immunity theory of aging,

points out that antibodies may be ideal crosslinking agents;
that antigen-antibody precipitates are quite insoluble and could
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well form a frozen metabolic pool; and that at least in the case
of antibody to bovine serum albumin, the protein is significantly
shielded from digestion by papain.13

Evaluation of the Crosslinkage Theory in the Light of Established
Criteria

1.  Life Span
Every theory on aging of which I am aware can explain the

finite life span of multicellular animals. Furthermore, whatever
factors influence anything concerning multicellular animals will
bo affected by the hereditary differences between these animals,
so that whatever we choose to measure about those factors will
fall within a certain range, specific to  each species. This criterion
is compatible also with the crosslinkage theory, as with all
other theories.

2. Distribution of Mortality
The mortality distribution curve for humans has been very

closely simulated by the melting point increase curve (a measure
of crosslinkage) of a gelatin gel in the presence of an active
crosslinking agent.

3. Genetic Factors
This is essentially a re-phrasing of criterion 1 and is likewise

met by every theory of which I am aware. Nobody today
disputes that subcellular, cellular, tissue, and organism character-
istics depend on genetic factors. Thus, if any single one of these
has any influence on longevity or on health, as many of them
assuredly do have, then genetic factors will influence life expect-
ancy. The crosslinkage theory also meets this “test”.

4. Aging and Growth
The crosslinkage theory postulates that there is a progressive

accumulation of immobile crosslinked macromolecules, which
are essentially inert, yet cannot be excreted. Gradually, they
crowd out other cell elements, to the point of reducing viability
and ultimately causing death.

From this follows that if the organism grows sufficiently
rapidly to add new viable material and cell space in at least
the same proportion as crosslinkage takes place, then the
relative percentage of crosslinked material does not increase,
but remains at  an innocuous level.

5. Temperature Effects
Using Drosophila, in 1917 John H.  Northrop and Jacques

Loeb showed that the temperature coefficient of aging is the
temperature coefficient of a chemical reaction. Crosslinkage
obviously is a chemical reaction and the temperature coefficient
is the same as in aging.

Slow-acting crosslinking agents
Since we are dealing with very long time spans, certain slower-

acting but abundantly available potentially active crosslinking
agents cannot be disregarded. However, because of their slower
activity, these have remained largely unexplored as crosslinkers.

They include polybasic acids and their esters. Citric acid,
an abundantly available metabolite, has been used industrially
to crosslink polyamide resins, such as the soluble nylons.

Silicon could have similar effects, and any poly halo derivative
that is to  any extent hydrolyzable is a potential slow crosslinker.
Some condensed hydrocarbons in which the electron distribution
could give rise to strong hydrogen bonding could effect cross-
linkages not breakable in vivo. Some of the aldehydes generally
regarded as nonreactive with proteins might also contribute
to crosslinking, when lifetime exposure is considered.

Metallic crosslinking agents
All polyvalent metals are potential crosslinkers. Living

organisms are equipped to handle certain of these efficiently:
iron, zinc, magnesium, cobalt, copper, chromium and calcium.
But aside from these, polyvalent metals are capable of accumulat-
ing with age, most conspicuously in the circulatory system.
When the damage done by a trace metal is slow enough not to
become effective until after completion of the normal repro-
ductive period, the evolutionary processes have not been
concerned with adaptation, and the body has no defense. Trace
metals which conspicuously accumulate with age include alu-
minium, silicon, lead, tin, cadmium and titanium. Schroeder
states that all anti-hypertensive agents not acting on nerves
— and thus presumably restoring lost elasticity — appear to
be metal binding agents. This may be viewed in context with
Zinsser and co-workers’ demonstration of metal oxide cross-
linkages in arterial tissue. A. Tyler found that the life of sperma-
tozoa from widely differing species is extended several hundred
percent by treatment with metal chelating agents which remove
polyvalent metals.

From the above it is apparent that the organism normally is
exposed to an abundance of crosslinking influences.
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6. Radiation
Ionizing radiations have two chemical effects on biopolymers:

chain fission and crosslinkage. Chain fission results in the forma-
tion of fragments, which are generally excretable and thus have
no lasting effect except in the lower probability case that the
fission could result in the elimination of an irreplaceable essential
molecule. The principal effect of radiation with regard to actual
or simulated aging is therefore crosslinkage, whether this is
caused directly, or by the secondary formation of crosslinking
agents such as aldehydes, free radicals, peroxides or epoxides.

For example, if an unsaturated fatty acid compound such
as a linoleate is suspended in a gelatin gel and then exposed to
sunlight, or to an ultra violet source, little change is observed
immediately following the irradiation. However, the radiation
has triggered a reaction or series of reactions which subsequently,
in the dark, in a period of weeks or months dependent on the
intensity of radiation used, will cause a progressive crosslinkage
of the gel with consequent increases in molecular weight, melting
point and decreases in solubility, swellability and water retention
— all changes characteristic of aging.

The progress of these changes is greatly impeded by the
addition of tocopherol or equivalent synthetic antioxidants.
The addition of bisulfite, an aldehyde blocking agent, blocks
the post radiation change at  least in the case of insulin, indicating
that the above effects are principally due to the secondary
formation of aldehydes.

All of the above is logically expectable in view of the cross-
linkage theory.

7. Differential Aging Among Organ Systems
Even in a very simple case, like a horse-drawn vehicle, it

would be a most unusual occurrence if aging caused all of its
parts to fail at the same instant. This “One hoss shay effect”
only occurs in imaginative poetry.

How much more fantastic, would it not then be, to postulate
a theory which would require that various organs in the body
would age at precisely the same rate, and thus fail in exactly
the same instant? Indeed, no such theory exists. Every known
theory meets the above criterion, the crosslinkage theory not
excepted.

8. Reserve Capacities
The macromolecular aggregates formed by irreversible cross-

linkage in an aging organism fill progressively larger space in
a volume which remains constant as soon as growth has ceased.

The space available in the cells for other, viable and functional
molecules thus progressively contracts. The reserve capacities
of the organism contract with it.

9. Total Performance
In a complex machine there are many more things that can

go wrong than in a very simple machine. A motorboat malfunc-
tions more often than a sailboat.

As the number and complication of organs increase, the
possibilities and probabilities of deleterious changes multiply
geometrically. This is true no matter what kind of theory is
assumed. The crosslinkage theory is no exception.

10. Complex Performance
This is essentially a re-statement of criterion 9, above, and

the same comments apply.

In  the decade that has passed since Shock proposed the above
ten criteria for judging aging theories, it has become apparent
that criteria 1, 2, 7, 9, and 10 are met by all theories now extant
or likely ever to be conceived. Their utility as criteria is corre-
spondingly limited.

On the other hand, advances in knowledge of aging phenomena
have focussed attention on additional requirements:

11. Starvation Effect
Controlled low calorie feeding with maintenance of adequate

essentials prolongs life both in youth and when applied after
maturity. The change in longevity is much greater than could
be attributed to increases in weight or processing load per se,
and does not seem connected with any somatic mutation effect.

Applying the crosslinkage theory, it is easily visualized that
a high caloric intake favors the accumulation of metabolic
intermediates, of which several are powerful crosslinking agents,
as explained below.

12. That the diploid and haploid forms of the same species have
life spans in  the same order of length.

This finding is entirely compatible with the crosslinkage
theory, which builds on the formation of agglomerates of
macromolecules, which cannot be broken down by body en-
zymes.
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the age range of 65 — 70 years, his life expectancy is about a
year better than that of a white person at the same age. Is this
because skin pigmentation counteracts the formation of cross-
linkage agents on exposure to  solar radiation?

3. It is further predictable that, on aging, the immunological
behavior of proteins will be changed, and auto-immunity may
ensue. Inasmuch as crosslinkage radically changes the structure
and solubility characteristics of proteins, it  is expectable that
their immunological behavior will be altered.

4. It is predictable that with aging the body proteins will
gradually change from hydrophilic to oleophilic. This is because
in crosslinkage the polar groups are primarily involved. These
polar groups are the most reactive groups. Therefore, in cross-
linkage they will be attached to each other so that both macro-
molecules involved will tend to turn their more hydrophilic
sides inward, and their more oleophilic sides outward, thus
becoming more oleophilic as crosslinkage proceeds. In view of
this, it is predictable that increased infiltration, attraction and
deposition of oleaginous matter will take place with aging.

5. Increased rigidity of molecules is a principal effect of cross-
linkage. This is the same as decreased elasticity. Just as any
carpenter or engineer knows that crossbracing stiffens mechanical
constructions, so it is predictable that crosslinkage will result
in a progressively reduced elasticity of all tissues, which in turn
will increase the danger of micro fractures in muscles, glands,
arterial endothelia, and elsewhere.

Some of the above phenomena have been amply documented,
others insufficiently or not at  all.

73. That life span is shortened quite dramatically by bifunctional
alkylating crosslinking agents, while it was not similarly shortened
by a monofunctional alkylating agent having the same mutagenic
effect.

This finding by Alexander and Connell is expectable in view
of the crosslinkage theory, since it shows that crosslinkage is
correctable to life span but that the genetic effect is not.

14. Radiotracer administered at birth is lodged, after a steady state
has been attained, largely in essential amino acids having a side
chain terminated by a reactive group.

This finding is compatible with the crosslinkage theory, since
side chains are the most obvious and common components
in crosslinkages.

Effects Predictable by the Crosslinkage Theory ?
On the basis of the crosslinkage theory, certain phenomena

can be predicted:
1. High caloric intake should have a life-shortening effect.

With a low caloric diet, oxidation proceeds rapidly to innocuous
end products: carbon dioxide and water. On high caloric diet,
when the food ingested exceeds what can be processed at the
slowest steps of metabolism, the intermediate products prior to
these “bottlenecks” will accumulate in the organism and some
of them are bound to diffuse out into the system. Many of these
intermediates are crosslinking agents, such as for example
glyceryl aldehyde, acetaldehyde, methyl glyoxal, glyoxal and
the like. These crosslinking agents will have a life-shortening
effect.

2. It is predictable that intense solar radiation will cause
accelerated aging of the skin as well as some systemic effects
in the same direction. I t  has been demonstrated that ultraviolet
irradiation of gelatin film containing even small amounts of
unsaturated fatty acids or esters, will induce crosslinking effects
which continue several weeks after the irradiation has ceased.

In a model system, crosslinking from lipid oxidation was
greatly retarded by the presence of vitamin E, and it is thus
predictable that vitamin E and such equivalent antioxidants
as are physiologically acceptable will have an anti-aging effect
and will also have a protective effect on skin exposed to strong
irradiation.

This line of reasoning poses an interesting question. It is
apparent from vital statistics that once a negro has reached

The Present Status of the Crosslinkage Theory
The crosslinkage theory stands unique among the primary

theories in meeting all the criteria listed above for a theory
of aging. It stands simply and without strained assumptions.
It  is of course entirely compatible with the free radical theory
which deals with a special case of crosslinkagc, and with the
diffusion, cybernetic, hormone, autoimmunity, progressive cell
death, reticulocytic effect and enzyme deterioration theories,
which deal with sequels of primary crosslinkage.

While the crosslinkage theory no doubt will be polished and
supplemented in future years, we believe that its essential ele-
ments will continue to stand the test of time. We are doing no
more work to prove the theory, but are following the guide
lines it has provided toward applications, and exploring
sequential component steps.
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The trail is blazed. Within our grasp now lies the possibility
of an extended productive future for the individual, with all
the promise, the dangers and the fatcfulness which this implies.

June 21, 1969.
Johan Björksten
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