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Relationship between Exposure to Asbestos,

Collagen Formation, Ferruginous Bodies, and Carcinoma

.
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Exposure 10 usbesii » is amocialed with chromic fibrusing processes, formatioa of
lerruginous bodies, and un incressed risk of cusrcimumu. It s pussible (o relute the
various blologicul respoases (0 mabesos exposure in terms of funduamentnl effects
oa the redox state of cells or thawes. Collugen synthesis in medinted by the level
of o-hetogluturic acid, snd the rute of cullugen formation is dirvctly reluted (0 the
rutes of fibeusis, including clmtio formation. The iscremse in oxidutive reactioms
asnocisted with collugen formution is t(hought (o iocTesse the amoust of ferric
iron busad (o cellulur prutein, resulling is furmution of u silicute-irontill) boad oa
an usbestos fiber. The iron-coataining protein buusd (o the mbestus fiber by the
stromy silicate iomi: bomd is u ferTugimous budy. The correspoading decreme in
the ferrous-ferric redox couple inhibits clectron trumpurt, thae stubilizing cxoper-
onides and free radiculs thought 10 be involved in the initintion of carcisomas.

HE SEVERAL BIOLOGICAL AND

TISSUE RESPONSES on exposure to
asbestos have been regurded as being unre-
lated one o another or, specifically, as in-
dication that the formation of ferruginous
bodies was not related o chronic fibrosing
prosesses nor to an increased risk of car-
cinoma. To the contrary, when the various
responses (o asbestos expasure are viewed
in termy of molecular mechanisms, it be-
comes increasingly apparent that all biologi-
cal responses o ashestos are intimately re-
lated. The relationship results  primarily
from madification in the energetic pathways
of the ‘mucmphagc cells that first eacounter
the fiber and is ultimately cxpressed by a
perturbation and removal of ferric-contain-
ing protwcins. To reestublish redox cquilib-
rium. the macrophage cells increase oxygen
consumption, and the associated increase in
oxidative metabolism leads to export of
fibrogenic fuctor with concomitant increuse
in collagen, clastin, and reticulin in surround-
ing colls and tissues,

Devclopment of carcinoma is poorly un-
Jurstowd at collular and ussue evels, but it

is possible to note that disturbances in co-
factor requirements for oxidoreductases and
perturbation of tissue energetios most likely
increase the probability for expression of
carcinogen.  There is also evidenee that cal-
cium metabolism involved in energy trans-
port by mitachondria as well as in other
biochemical pathways is disrupted. leading
to calicification of pleural membranes paon-
sibly due to disturbances at the hormonal
fevel of action. With the premise that all
biological responses o asbestos  exposure
are related, it is of interest o examine var-
wous implications of the premise from g
molecular biology viewpoint,
Bioenergetics

It is possible to view defense mechanisms
of cells and tissues in terms of the gencra-
tion and flow of cacrgy-rich compounds.
Since biological systems derive energy by
oxidation of organic substrates,! o funda-
mental response to challenge iy an increase
i uenergy production feading o increased
comsumption of oxygen. The obsenvation
that bronchial epathelial slices increase oy -
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Cvonsumption m the presence of asbestos,
~talling sibwy, and pul'\gnn.h glass sup-
dis this general obsernvation.s Ultimately.
< comsumption ol onsgen leads 1o oxda-
ol derrous o ternie aons, and lor the
sy Lo continue 1t becomes necessary o
soatease the devel of fernie jon in order o
cturn 1o g redox cquilibrium as described
v Rrebs and Veech' Ferrie jon can e
ceduced Lo derrcus ion which would create
other ovidized substrites, or ferric ion could
he removed by precipitation or conplevang
oo maner. bernie ons are unstable
ander alkaline conditions, and thair removal
trom solution and or their reduction are
thermodynanucally  favored.!
1t n possible thal an ancrease inoenergy
production associated  with anincrease in
ovvgen  consumption has survival value.
Wath an cicase e Cieigy, the tssues g
perhaps better prepared for defease,  the
temperature may be mnereased. eading o
mercased rates of enzsme activity. uand cells
un esport energetic compounds forming 4
chemotaxic energy gradieat (o attract macro-
phages. Ivmphocytes, and other wandering
colls to ad in the defense. Aggregation of
macrophages around  an asbestos fiber s
probably related 1o cnergetic phenomena.
Hoenee the mobihity and uppareatly random
movement of  phagoestic cells in general
sould be associated wtih chemotaxic energy
tactors, representing the principle means of
lular  communication.  Bioenergetics  of
amars 14 retation o induction of mesathe-
noma is particularly significant and will be
discussed later.

Ferruginous Body Formation

A ferruginous body  referns o an aron-
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conbammyg protem body with a4 Librous core.
Phe bodies are thought 1o be tormed by
Mmacrophage cells attempung o phagocytise
a forcign tiber. There are various concepts
regarding formation ol ferruginous  bodies,
and the term “ferruginous” was coined by
Grass i 1966, This gencral term has re-
sulted in part from uncertainty regarding the
nature of the fiber core and observatons
that iasbestos fibers are not unigque in induc-
my derruginous bodics.  Ferruginous  body
formation has been induced by asbestos, fi-
hrous glass, various vegetable fibers, and
ather siliwate-containing mincrals.

Ferruginous bodies occur ina variety of
shapes and sizes. There can be csenly dis-
tributed deposits, a senes of clumphihe de-
posits. or farge depasits on the ends assum-
ing a barbell shape. Sizes vary, but the fiber
core approsunates the lengths and dianictais
of asbestos and other fibers found in human
lungs. Formation of the ferruginous body
is thought to oceur by deposition of ferritin
and/or hemosiderin in the ferric oxidation
state on an clectronegative surface.

On phagocytosis of forcign  substances,
macrophage cells encapsulate the sutstance
in a4 mucopolysaccharide coat”’ The coat
appears to have a high affinity for iron-
containing  substances. but this does  nat
nccessarily explain formation of ferruginous
badies by asbestos and similar substances.
Examination of clements arranged by Paul-
ing’s clectronegativity scake in Table 1% shows
that silicates wend to form a aucleophilic
conjugate base while magnesium oxides tend
to form magnesium and hyroxide ions. It is
pomaible that an clectroncgative mucopoly-
saccharide coat acting in concert with nu-
cleophilic silicates  represents the mechan-

TABLE ]
Flectronepativ ity of Central Atoms:
Cuoup: I W iv v vi Vi
1-OH Be-OH  B-OH  (-OH  NOH  O-OH b-OH
1.0 1.5 20 bR 0 18 10
Na-OH Me-OH  ALOH S-OH P-OH S-OH GO
uY 12 [ I X 2.1 A A1)

4o Paadise
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s byowlich asbestos amd other tibers
attradt e ions. Naother possibutiny s that
the voating ot toraign bodics byoan non-
protem attached o o mucopolssacchande
caat could be g tundamcntal detense medh-
anism related o the immune response. and
asbestos and ather silicite-containing miner-
abs could act 1o distapt the immune-rospons.
or torcign bady reaction, praducing a pro-
longed and continuing stross.

I o imterest to note it eriugieas
body formaticn reprosents a mechaninn for
remonal of ferric ions regardioss ol the na-
wre or mechanism lor formation of  the
ferrugmous deposit. Fhie incrcase w onada-
tve pathways most Hikely results in export
of fibrogenic factons tdduding Iasosvmes,
Kreb's cyele intermediates. or polssaccha-
rides. B encapsulation of g fiber in o muco-
pobvsaccharide  coat s mvolved, then a
dupletion of mucopotysaccharides in the mace-
rophage ol membrane might wccount for
ity incrcased  permeabihinn wath feaking ol
collular material. 1t is possibic to conclude
that perturbation of the redov cquilibrium
of the phagocytic cell by removal of ferrie
ion Lo torm ferruginous bodies scts the stage
lor successive events,

Collagen Synthesis

Fhe synthesis and ancreiasing Ussue con-
centration of the various forms of collagen
have been assaciated with chronic fibrosing

trndiation of Asiestos

.
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Figure 1. Induction of collaecr svithess and
brosis by ashostes hadadion,
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prowesses. a I pothichical doescrption ob the
pPrososs s shoswn i Feearne 1 Fhe Biboesas
I\‘~U“H|_L' Pram ashosiosis i ditluse m coin-
paarisonn b discrele aondubar abrosis assocrat -
bhe dituse -
brosis nay e related to the tact that the
lencthe o Bibers precludes complete phagee-
Cvtosins Woebster i studies wath South
Abncan senvet moakeys avposed to twao dil -

od with exvposure o s,

ferent npes of arbarne asbeslos  dusts,
tound that the reactions of the asbestos v
bers with the budy were ot three distingt
Bpes CLyan organized dosquanbstive asa-
hin: €2) an obliterative bronchiolitis: and
3y anantenstitial fibross not directly asso-
clated wath the presence ol asbestos needies
or boadies. The observanon of an interstitial
hibrosis not directly associated with the hiber
supports Heppleston's hypothesis in regard
to the formation and cvport of g librogenic
factor by mucrophage cells. Heppleston™
contends that the factor is nonlipid in nature,
possibiy g protein o derivative thereot, or
porliaps a galactun may be involved,  Hep-
pieston’s hypothesis also suggests that the
Dibrogenic factor acts by stimulating  hy -
drony profine production by fibroblasts. How -
cver. as shown in Figure L hydrosyproline
is tormed by hydroxylation of probine ress-
dues i protocollagen. and apparcntds s ot
tound as w free amino acd e the ool
Thus the hibrogenie factor or factors must
be intimately related o the rate-controthing
siep in collagen  syathesis - -badrony lation
o) proline residues in protovedlagen mediated
by protocollagen hydrons luse.

Protocollagen v componed of  relatively
few types of amino acids. prmarily proline
and ghveine. This roesultis in an extremely
hydrophobic malecule, and the protocollagen
is thought to be stongly bound 10 an RNA
templet. Hydronslation of certain proline
residucs s carricd out by reaction with mo-
feculur onygen and o reducing agent, cata-
ved by protocollagen hydrossiase.  The
activity of this eozvme is regulated by the
evel of a-hetoglutane acid in the ecll. Hy-
drovvdation ol the pratocoltagen forms
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tonican Indusicrad 7 ciene boocation fowr nal

serotuple coilawn that frees the RNA
cplet for synthesis of more protecolliazen,

o as dung os the stimules of e-tecsutaric
soid s opresent, e cycle continues, Thv
wigdeestranded  soiuble collagen forms a
awre slable  tripivsstranded  coliagen by
Jressinhing at random in solution, The
wipde-stranded coilizen continues to form
more compiex collagen fibers and iibrotic
oundles.” Bt is possible that [ysozymes,
Arets cycle intermediates, or sacchuarides
cyported by macrophages stimulate hizher
levels of a-ketogictaric acid in fibroblast
cells resulting in increased rates of coilagen
formation.  The collagen formation is also
anandex of synthesis for other clastic fibers,
clastin and reticuiing that make up fibrin.

Carcinoma

The general view of carcinoma is one of
an uncontroiled growth of cells and tissues
cwrnting a debilitating cffect cventually lead-
ing to death of the affected organism. The
causes of this debilitating discase have not
been definitely identificd, but there is a
great deal of circumstantial evidence impli-
cating a host of cnvironmental factors. In
general, the induction of carcinoma s
thought to involve interference with the flow
of genetic information, particularly the in-
formation that controls celt growth. Asbces-
s fibers may be direct carcinogens, imply-
wg that no sccondary agent is reguired: or
hey may be secondary carcinogens, promot-
ng agents, or carricrs of carcinogenic sub-
tanees,  Viruses, radiomimetic chemicals,
‘oxie products of combustion, certain metals,
ind ionizing radiation have all been asso-
viated with an increased risk of developing
aaneer,” and it is possible that all these
agents are capable of producing cancer.

Exposure to asbestos is associated with
two distinct types of cancer: bronchiogenic
«arcinoma and mesothelioma. In bronchio-
aenic carcinoma, asbestos most Yikcly acts as
- weondary carcinogen or promoting agent,
~utin mesotheliama, the cvidence strongly
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suggests it asbestos may act as a direct
carcinouen.

To understand the mechanisms by which
asbestos could exert a promoting or sec-
ondary cffect, it is necessary to identify pos-
sible relationships between the  biological
processes associuted with exposure to as-
bestos and the mechanisms for action of
potential carcinogens. One possible mech-
anism s induction of changes in membrane
permeability due to release of lysozymal
eneymes to surrounding tissues. By modify-
ing membrane permeability, potentially car-
cinogenic substances such as viruscs, metals,
loxic preducts of combustion, and carcino-
genic chemicals would have casier access to
critical sites 1n cells and tissucs. This would
essentially be an adverse effect on the cells’
first linc of defense—sclective permeability
of the cytoplasmic and/or nuclear mem-
branes. A promoting cffect could arise in a
different fashion as a result of alterations
in thc major biochemical reactions in the
cell. particularly in the oxidoreductasc sys-
tem—the main detoxification system of most
cells and tissucs.!! The synthesis of collagen
and related substances, clastin and reticulin,
requires  cofuctors from this system, and
there is possible inhibition of oxidoreductases
by competition for cofactors required for
metabolism and climination of potential
carcinogens.  Such cofactor competition
could explain the relationship between expo-
sure to asbestos. smoking, and the high in-
cidence of bronchiogenic carcinoma that has
been reported among asbestos workers who
smoke.!3

An cxample of inhibition of the metabo-
lism of a potential carcinogen is inhibition
of clectron transport in the hydroxylation of
3.4-benzopyrene. The hydroxylation of
of 3,4-benzopyrene involves the consump-
tion of onc mole of molccular oxygen and
two moles of hydrogen from NADPH. The
hydroxylation reaction involves two distingt
steps formation of an exoperoxide enzyme-
substrate complex, and reduction of the
complex by NADPH. If the cofactor for

968560015
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reduction is not available, then a stable
3-4-benzopyrene  exoperoxide iy availabic
for addition to DNA or other macromole-
cules, perhaps increasing the probabilits of
a cancer. 't

Asbestos has also been charucterized
a potential carrier for other substances that
may result in production of a cancer. Cral-
ley'™ has postulated that certain metal con-
taminants on ashestos fibers may be respon-
sible for the associated carcinogenesis, and
he has shown that many of the metals as-
sociated with the {ibers produce  tumors,
Polveromatic hadrocarbons have also been
found on asbestos {ibers in truce amounts,
and it s possible that these substances are
introduced into tssues, cxerling a4 tumori-
genic effect. Metals or polvarematic hydro-
carbons are possibly introduced in process-
ing, as naiural contaminants in asbustos, or
by absorption from the envircnment.

Mesothelioma is a tumor of the mesothelial
tissucs. Development of this tumor is poorly
understood, but it scems to be highly asso-
ciated with the presence of asbestos, It is
possible that the mechanism for induction
of mesothelioma is related to the effect of
ashestos on bioencrgetics of the mesothelial
cells. The increase in glycolysis associated
with tumor cefls was described by Warburg!”
in 1930: he attributed it to an increase in
operation of the respiratory chain. The ideu
of un increase in glycolysis being responsible
for tumorigenesis was subscquently dis-
counted,'” but Racker ' has revived the idea
in & modificd form in his hypothesis involv-
ing glycolysis and pH changes, pointing out
that the incrcase in glycolysis is not neces-
sarily associated with the respiratory chain.
Inicrference with cnergy flow in cells and
tissues can have severe consequences for the
whole organism, and divalent cations, cal-
cium and magnesium, have dramatic effects
on storage and transport in mitochrondia, ™

Itis lnslrucuvc to note lh.u llu m.wnulum

""cm exposad tissucs is npomd Yoo de-
ﬁ,gealc with time, suggesting that magnesium

A
gt

Nenemher, 1974

spectes are feached from the fiber. The of-
lect af magnesium jons s o change mito-
chondria from an orthodox (OQ) cnergy-rich
form to an aggregated (A uncoupled energs -
poor form, or an O-to-A transition, while
calcium jons with hormones such as thyrox-
ine produce the opposite transivon, A o (.
In effect, calcium ions atlow mitochondria
to take in and store energy, while magnesium
ions cause the caergy to be dissipated, The
fcaching of magnesium jons from asbestos
fibers or fibrils in mesothehal tissues could
Favaor development of tumor cells, Tt s pos-
sthie that tumaor cells arc uble to survive the
challenge of mugnesium ions leaching from
asbestos fihers better than normal cells. In
time, the narmal cells wre weakened or de-
stroved owing to energy deprivation, and
the tumor cells, being more cnergetic, re-
cover and begin to develop und spread rapid-
Iy in the absence of normal cefls to hold
them in check. Calcification of the pleural
is most Jikely an alternate manifestation of
the interplay of caleium and magnesium
ions. The deposition of calcium is controlled
by a delicate hormonal balance that could
be upset by introduction of other divalent
cations.'?

Summary

In Figurc 2, the possible relationship be-
tween exposure 1o asbestos, ferruginous body
formation, collagen synthesis, and carcinoma
is outlined. Calcification of the pleural mem-
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Freure 2. Possible refationship hetween cvpo-
sire  to asbestos, ferruginous body  formation.
vodlagen synthesis, and carctnoma.
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branes and induction of mesothelioma are
considercd to be muanifestations of leaching
and solution of magnesium ions, but nct
necesserily related to other biological re-
spenses. In the biological and tissue response
to inhaiation of asbestos, fibers that rcach
the aveolar spaces are phagoecytized. As a
result of changes in membrane permeability
cuused by dicect irritation of the membrune
by tiae fiber, there is a release of cellular
constituents that contain fibrogenic factor.
Tre fibrogenic factor is possibly a protein,
valuctan, lysozyme, or Kreb's cycle inter-
mediate, but in any case it stimulutes pro-
ducton of collagen and associated clastin
ard reticulin by increasing glycolysis. The
rate-controlling step in collugen synthesis is
hydroxylation of certain proline residues in
protecollagen, using molecular oxygen and
a reducing cofactor. As long as the fibrogenic
facter is produced, collagen synthesis con-
tinuzs and the asbestos may act as a second-
ary carcinogen by acting as u carrier for car-
cinogenic substances, by damaging cell
membrancs and increasing entry of carcino-
gens to cells, or by competing for reducing
cofacters and inhibiting the metabolism of
carcinogenic substances. The driving force
for continued consumption of oxygen is to
reestablish the redox equilibrium disturbed
by removal of ferric-containing proteins in
feriuginous body formation. It is possible
that ferruginous bodies arce perhaps of great-
¢r siznificance in environmental and occupa-
tional health than has previously been main-
tained.
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