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the B?%ends Itself

<’ fromthe
Risky Business of Living

- by James Trefil

(From Smithsonian, December 1995, with permission of the author)

Our cells take trillionsaf *hits’ each day from

toxins both natural and man-made,
but hardworking enzymes repair the damage.

he judges at my table were nervous, casting furtive glances
mall, pleasant-looking man across the room.

“Is Bruce eating his cheesecake?” one asked.

Another glance. “Yes.”

Smiles appeared around the table, and we all started in on our
desserts.

This follow-the-leader took place at a science workshop for
federal judges — the men and women around the table represented
some of the best legal minds in the country. The man whose ac-
tions were being so closely watched was my fellow lecturer, Bruce
Ames, a professor of molecular and cellular biology at the Univer-
sity of California at Berkeley. He has taken the controversial posi-
tion-that the toxins naturally present in our food and elsewhere add
up to thousands of times the quantities of man-made toxins we arc
exposed to, especially the pesticides used on the fruits and veg-
etables we eat. It is a waste of time to worry about the latter, he
says; our bodies can handle most an ing nature or we can throw
at them. The cells in our body, he tells us, live in a continuous bar-
rage of damaging molecules. Every cell takes a “hit", as he calls it,
about every ten seconds. In the time that it takes you to read this ar-
ticle, your body will have been assaulted tens of trillions of times.

Most of the damaging molecules are inescapable byproducts
of the chemical processes in our bodics that enable us to live. Oth-
ers are toxins, natural, and man-made, that we take in. (“The world
is full of poisons”, Ames says, “but it doesn’t make any differ-
ence.”™) Still other damage is done by radiation, whether the ultra-

violet component of sunlight or the x-rays that produce diagnostic

—~images ordered by physicians. : .
Ames’ contention that it-is a waste of time to worry about
.n-made pesticides, air pollution and all the rest is by no means
universally accepted by scientists — and certainly not by consum-
ers. But his research on cancer and aging is widely respected. His
findings add strength to long-held theories about how well cells re-

pair themselves and offer a better understanding of how we can .

best evaluate the risks we face.

Right now, the 60 trillion or so cells in your body are going
quictly about their business, chuming out the chemicals needed to
keep you alive. In your pancreas, for example, cells are producing
insulin and pumping it into your bloodstream. Your thyroid is pro-
ducing chemicals that govern your metabolism. Your bone marrow
and thymus gland are producing an ibodies to ward off disease. In
all of these cells, the key step in the chemical process is the build-
ing up and tearing down of specific molecules to extract encrgy and
use materials from them. Some of the end products, such as insu-
lin, are exported from the cell to be used elsewhere. Some are used
% run the chemical reactions inside the cell, others to replenish and
repair the cell itself. In most cells, thousands of these chemical re-
actions are going on at any given moment, each affecting you in
some way.

The facilitators of these life-sustaining reactions are proteins
called enzymes. For every one of the thousands of chemical reac-
ﬁonsthatgoonineuchcellinyourbody. there is one specific en-
zyme — one molecule with just the right intricate shape to bring
two other molecules togethpt“'-and let them form bonds. The pro-
cesses of life depend cmci‘ally on the right enzymes being present.
Where do they come from? The blueprints for making the en-
zymes that run the cell’s chemistry are contained in the molecules
we call DNA. From these blueprints, the cells make the enzymes,
and the enzymes drive the chemical reactions that make us what we are.

Under normal circumstances, the process of translating the in-
formation on the DNA into enzymes goes smoothly. But, life being
what it is, this complex machinery sometimes breaks down. If the
enzymes are flawed, they can seriously hamper the cell’s function,
perhaps even kil it. Cells die and are replaced all the time.

If, however, the damage is to the DNA itself, the situation is po-
tentially more serious. Alteration of the DNA will not enly affect
the cell in which it occurs, but when the cell divides, the defective
blueprint will be passed on to all the descendants of that cell. And if
that defect changes the shape of an enzyme that drives a crucial
chemical reaction, the consequences for the organism can be serious.
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molecules to interact with DNA and upset its complex structure.
Where do these “killer” molecules come from? Bruce Ames’ re-
search shows that the overwheiming majority are byproducts of the
nommal process by which cells turn food into energy. They have
been around since life began. If cells couldn’t repair damage do
their DNA, Adam and Even would have died when the ate that first
apple, and none of us would be here today. Somehow our cells
leamed to deal with chemical damage to DNA. It is the details of
how these mechanisms work — and how much they work — that
molecuiar biologists are starting to sort out. '

The double-helix shape of the DNA molecule is now familiar
to everyone. You can think of this shape as a twisted ladder in
which the rungs (which chemists call “base pairs™) keep the two
sides of the helix from drifting apart. Here and there along the he-
lix are segments of DNA known as genes, where the information
about building enzymes is stored. Each gene carries the informa-
tion needed to assemble one enzyme and hence the ability to con-
trol one chemical reaction in the cell. In humans, there are about
80,000 genes. Every single living thing on Earth uses this same
DNA molecule and the same code to carry out the business of living.
But just as a single code, like ine English alphabet, can be used to
write an infinite variety of messages, so too can the genetic code be
used to “write” everything from a blade of grass to a Nobel laureate.

By far the most common source of damage to DNA is a class
of chemicals known as oxidants. When your cells burn the material
in food to supply energy, byproducts are produced, including some
familiar substances, such as hydrogen peroxide, and some less-fa-
miliar substances with names like “superoxide” and “hydroxyl
radical.” These are active chemicals — they like to combine with
other molecules in reactions chemists call oxidation. It is because
oxidants do so much of the damage that scientists such as Ames
urge people-to eats lots of fruits and vegetables, the foods that con-
tain antioxidants. Ames believes they help reduce the body’s risks
to not only cancer but cardiovascular disease, immune system dis-
eases, cataracts, and brain dysfunction.

When active molecules attach themselves to the bases in the
rungs of the DNA ladder, they change the effective shape of the
structure. This means that they introduce the possibility that when
the DNA duplicates itself, the base pairs in the copy will be differ-
ent from the pairs in the original. This is what causes mutation.
The DNA in all later generations will have the wrong code, and this
could eventually lead to cancer. Cells must have some way of pre-
venting this sort of mistake from being propag

~" The way cells do this illustrates the engipeering concept of
“defense in depth.” First, the places where oxidants are produced
tend to be located in the body of the cell; while the DNA is segre-
gated in the nucleus. So damaging molecules have to travel some
distance to get at the DNA. Second, our food contains antioxidants
(vitamins C and E and beta carotene are the most familiar). Third,
damaged or dead cells are routinely sloughed off before they have a
chance to multiply, so that damage is confined to a single cell’s
DNA. Finally, even after the damage is ddne, there are ways that
the DNA can be repaired. ' .

Complexes of enzymes move constantly along every strand of
DNA, searching for trouble. When they find it, they fix it. There
are two general types of DNA repair mechanisms, each suited to a

specific kind of problem. The one that concems us most here is .

called “excision repair” and serves as a jack-of-all-trades for.re-
pairing damaged DNA. It swings into action, for example, when
benzo(a)pyrene damages DNA. This is bne of the compounds in
cigarette smoke that can cause lung cancer. When this very large
molecule attaches itself to one side of a/rung, it distorts the helix;
so when it comes time for the helix to/split apart and replicate it-
self, random bases are edited into the new strand, thus creating mu-

tation. The excision repair enzyme snips out the faulty section of
the helix so that the gap can be rebuilt with the correct order of bases.

The other repair mechanism is “mismatch repair”, which oc-
curs as the helix duplicates itself prior to cell division. I*  -v be.
for example, that the two sides of a rung on the DNA e
made from the wrong bases or that one side of the lau. .
down a little bit with respect to the other. When this happens, .
acteristic lumps of mismatched bases and unpaired bases appear on the
helix; these lumps are recognized by the repair enzymes. In mos:
cases the molecule that is creating the new strand of DNA, the poly-
merase enzyme, is actively correcting its own errors as it works —
proofreadimg, so to speak. When bases are not properly paired, it pulls
them apart and fills in the correct base molecules in the new strand.

But when the polymerase misses an error, the mismatch repair
enzyme goes to work. Its first order of business is to unwind the
DNA strands and determine which strand is the new one and there-
fore has the incorrect base. It then makes a cut in the new stranc
and removes all the bases back to the original error. The poly-
merase enzyme then returns and fills in the gap. To date, scientists
have been unable to find any kind of DNA damage that cannot be
repaired by these two mechanisms.

The general nature of DNA repair is the key to Ames’ argu-
ments. If you eat something that contains a molecule you've never
encountered before (a new pesticide, for example), your cells don't
have to start from scratch to organize a defense. They will simply - .
react to it as they would any other molecule that doesn’t belong
and, as a last resort, repair any DNA that it damages. General de-
fenses give us a great deal of flexibility. '

Working at the Limits of Measurement

Scientists like Bruce Ames monitor DNA repair by analy -

debris that is discarded when damaged portions of DNA
snipped out. Eventually, many of these fragments are removeu
from the cell and leave the body by way of the urine. The amount
of any given compound will be very small, and it is only in the past
decade that scientists have acquired the ability to detect such small
concentrations. But the general advance of analytical ability that
has allowed us to detect environmental pollution at the level of
parts per billion also allows us to measure these infinitesimal quan-
tities of DNA repair byproducts and thereby estimate the volume of
repairs going on in our bodies. - :

It is much easier to describe this kind of work than to actually
do it. You need imagination and creativity (to know what to mea-
sure) and 2n almost fanatical attention to detail (to make the mea-
surement). Ames enjoys the reputation he does because he has
both qualities to an unusual degree. He is a “scientists’ scientist.”

When I asked why the cgll was able to snip out damaged sec-
tions and make repairs, hisgeply surprised me. Instead of quoting
up-to-the-minute biological theory, his answer went back more
than a hundred years to Charies Darwin and evolution. Taking his
current research on natural plant pesticides as an example, he
pointed out: “Every plant has 40 or 50 pesticides it makes to kill of
predators and fungi. They couldn’t'survive if they weren't filled
with toxic chemicals. They don’t have teeth and claws, and they can't
nm away. So throughout evolution they’ve been making newer and
nastier pesticides. They’re better chemists than Dow and Monsanto.”

Human beings and other animals have evolved in a v "' in
which not only do their own bodies produce damaging ¢. .
but their main food supply is loaded with potentially deadly'.
cals. The laws of natural selection dictate that in such a situ. .
we would either develop ways of dealing with these toxins or lose
the evolutionary battle to someone who did. Furthermore, the de-

Continsed on page 25 =
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fenses would have to be general — otherwise we'd be at risk every
time a plant evolved a slightly new version of an old pesticide.

By and large, we've been very successful at countering nature’s at-
tempts to kill us off. We’ve not been completely successful, though, as
the occasional newspaper stories about someone dying from eating
mushrooms illustrate. So there are some reminders in our daily lives of
the long chemical battle between our cells, as they seek energy from
plants, and the plants themselves, seeking to keep from being eaten.
.. Seenthis way, the layered defenses of the human cell make sease,

1o the busy enzymes patrolling the DNA: we needed them to sur-

as plants became better at self-defense.’ But if you're going to in-

= Darwin to explain one thing about the cell, you're going to have to
follow through and see what he has to say about other things as well.
For example, it's true that the human body is 8 marvelous machine, de-
signed to survive and prosper in a hostile world. In an evolutionary
sense, the purpose of this marvelous machine is to reproduce — to
place its genes in the next generation. Once this has been done, there is

. B

1o evolutionary advantage fof keeping the organism alive and in good re-
pair. As a middle-aged scientist, I have often brooded on the inequity of
this state of affairs, but it remains a basic tenet of evolutionary theory.

The DNA repair mechanisms we’ve described play a crucial
role in keeping us alive. If damage to'DNA is allowed to go uncor-
rected until a cell divides, all succeeding generations of cells will
carry the defective blueprint, and the final outcome may be discase
or malignant growth. The cell doesn’t have forever to effect its re-
pairs;men—ithnstodosobefomthcnmdivision. This con-
straint forces the cell to set priorities in its repair operations with
crucial repairs being done first, others if the opportunities arises.

Repair Work Is Strictly Prioritized .
First come repairs to genes that are actually being used by the cell.

. In the pancreas, for instance, the gene that codes for the production
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[image: image4.png]ALBERT N. BENINATO, P.E., DEE was
ecently promoted to Senior Vice President
vith Killam Associates.

STEVEN L. BERNSTEIN, P.E., DEE has
oined Green Environmental Inc. as Director
»f Engineering.

[OHN F. HENDRICK, PE., DEE has
oined Dufficld Associates, Inc. as an Envi-
onmental Project Manager.

JENNIS HIRSCHBRUNNER, P.E., DEE
1as been named national director of market-
ng with HDR Engineering.

j DAVE G. RUF, IR, PE,
DEE, chair, president and
chief operating officer of
Burns & McDonnell Engi-
.neering Co., Inc., received the
University of Kansas Distin-
guished Engineering Service
Award on May 2.

JOHN H. SCARINO, P.E., DEE has an-
nounced the formation of S & S Engineers,
Inc. in Hackensack, NJ.

LAWRENCE E. THOMAS,
P.E., DEE, Senior Civil Engi-
neer for Baxter & Woodman,
has been awarded the 1996
Illinois George Warren Fuller
Award by the American Water
‘Works Association.

"IN MEMORIAM

ROY L. PARHAM, JR., P.E., DEE died at

the age of 69 on March 11. A Life Member |

of the Academy, Mr. Parham was originally
certified in 1962.
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of insulin will be first in line. Damage to
nactive genes or to other parts of the DNA
10t in ¢urrent use will be put off until cru-
=ial repairs can be made.

In his studies on rats, Ames finds an
mnteresting pattern to repairs. At any given
moment, there may be a million or more
iamage sites on the DNA in a rat cell.
About 100,000 are repaired each day, but a
little more than 100,000 new “hits”, or le-
sions,.appear. Thus, over time, the uncor-
rected .damage accumulates. There may be,
for example, as many as two million DNA
lesions in an old rat.

“Is this true in humans as well?”" T asked.

“We don’t kiiow about humans. yet,”
Ames said. “There are too many variables.
You can't put human subjects on a strictly
controlled diet. You have to put in a tre-
mendous amount of ‘time to get things
worked out in rats first, before you can
even think about moving on to humans.

In Ames’ view, bothi the process of ag-
ing and the incidence of cancer can be at-
1ribuited in large part to the accumulation of
damage to DNA. “Most (researchers) think

that both aging and cancer have something -
o do with damage to DNA”, he says. “Cancer *

is & discase whose rate increases with age.”
There is evidence to back up this view
of aging and cancer. Measurements of re-
-pair rates show that small mammals have a
tmuch higher number of hits to their DNA

than do humans. Rats and mice, for ex-
ample, seem to be making 100,000 repairs to
each of their cells per day (versus 10,000 for
humans). These rodents live only a few years
and are typically full of tumors when they die.

In addition, there is strong evidence
that many (if not most) human cancers are
related to processes that stimulate the divi-
sion of cells. The most striking example of
this phenomenon is the constant irritation
of lung tissue from smoking, but there are
many others, inciuding the effect of alcohol
on the liver and other chronic irritations and
inflammations. The more often cells di-.
vide, the shorter the time there is for repairs
to be made and the more likely it is that a

" mutation will occur.

'DNA repair is more than a fascinating
the politics of our everyday lives, and Ames
has never hesitated to make the leap from

. . laboratory to public arena. Back in the 19505,
be developed the Ames test, an clegent,
simple way of determining whether a chemi-
cal produced mutations in the DNA of
bacteria. It has since become a universal
screening technique for potential carcinogens.
Ames never patested — or made a nickel
from — his test. “In those days, people didn’t
worry about things like that,” he says. “Be-
sides, T wouldm't have any way to speod the
money. Going to scientific meetings provides
all the travel ] want.” (A new version of the

Ames test is about to be patentad, however, at
the insistence of the University of California.)

When the cancer-causing potential of
chemicals was first recognized, attention
tumed to man-made compounds,  as
pesticides. Tests on animals es!
that about half of the synthetic maté
tested could, indeed, produce cancer in ..
dents. The human race suddenly found itself
awash in a sea of apparenily carcinogenic
chemicais. In the 1970s, Ames himself was
arguing that humans should not be exposed
to even one molecule of any substance that
causes mutation in bacteria.

Little attention had been paid to nawral
pesticides. Ames and his colleagues began to
look at the chemicals natmrally present in
foods from the plant kingdom, and they found
that half of them caused cancer in rodents —
a proportion similar to that of synthetic
chemicals. By the late 1980s, Ames has re-
versed himself, and the group began ranking
suspected carcinogens by an index that relates
cancer caused in rats to the risk for humans.
In the process, he began to "question the
massive does given rodents in animal can-
cer tests. It had become standard to submit
animals to the maximum tolerated dose (the
most a rodent can ingest without dying).
Ames and others now believe that megadoses
of anything accelerate cell division, and this
in itself leads to cancer. For that msog;sﬁcy
feel, the resuits from rodent tests caff’ 2.
extrapolated to the low, everyday dc:
which human beings are exposed.

Today in his lab Ames tells me, “Al-
most every plant product in the supermarket
is likely to contain natural carcinogens.” He
estimates that an American eats about a gram
and a half of these natural pesticides every
day — 10,000 times more than the residues
of man-made agricultural pesticides in-
gested. In ather words, about 99.99 percent
of the pesticides we take in every day are
natural, only 0.01 percent are man-made.
“For example, when you eat cabbage, you
ingest 49 different natural pesticides and
metabolites.” Ames says with that same
disarming smile, and goes on to produce a
list of 43 foods that contain at least ten
parts Per million of chemicals that are car-
cinogenic in rodeat tests. Ranging from an-
ise to lettuce, the list even includes parsley,
sage, roscmary, and thyme. Even a cup of
coffec doesn’t escape his attention. “There
are over a thdusand chemicals in a cup of
coffee,” he says. “We’ve tested 26 of them,
and half of those cause cancer in rats.”

“Life is full of “one in a hundred thou-
sand’ risks.” Ames states. “If the FPA is
spending all its time trying to pro © —=
public against “one in a million’ hyp.
cal risks — which it is doing to a i
extent — it’s spending its tme on trivia
We're spending $150 billion a year trying to
control pollution Although much of this is

Continued on page 36 —
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At bottom Ames, the consummate scientist, wants Americans
to recognize all the risks in their lives and adopt a rational ap-
proach to controlling’ them. Instead of worrying about a minor
(and perhaps even nonexistent) risk, we should think about elimi-
pating major causes of cancer. ‘What are the causes? Ames ticks them
off on his fingers: “First, of course, is smoking. Then there is the lack
of fruits and vegetables in the diet. And, finally, chronic infections.”

Ames’ views have not gone One critic is Bailus
Walker, Jr. He is a professor of environmental and ional toxi-
cology at Howard University Cancer Center in Washington, D.C. He
says: “You've got to look at total exposure to everything that the body
receives through the air, the food, the watex. ‘We can no longer look at
these pieces in isolation. We've got to Iook at the total load.”

Others argue that human beings, through the process of evolu-
tion, have gotten used to metabolizing natural toxins but haven’t
yet had time to develop similar defenses against man-made chemi-

_=als. Ames responds that there is no chemical difference between. .

is an oxidant, regardless of its source; and the general nature
o. e cell’s defenses can handle both. “To a toxicologist, the idea
that nature is benign and only man-made things are bad is crazy,”
he says. To back up this statement, he points out that “most hu-
mans are cating plants their ancestors did not — for example, co-
coa, tea, potatoes, tomatoes, corm, avocadoes, mangoes, olives, and
kiwi fruit.” There simply hasn't been time for the human body to

-ctions of synthetic and natural substances in the cell. An oxi-

adapt to all of the new natural pesticides in these foods, he argues,
so the fact that they are considered safe is evidence for the efficacy
of the cell’s general defenses. :

These sorts of arguments have won many scientists over.
James Duke, of the National Germplasm Resources Laboratory,
part of the U.S. Department of Agriculture, was once one of Ames'
harshest critics but changed his view as new information came in.
“[ have come around to believe him,” Duke says, and then goes on
to note that his own work on ng,p.\nl pesticides suggests that “Ames
may be understating his case. " Looking at oregano, for example,
Duke finds that there is 100,000 times as much natural pesticide
preseat as there is synthetic pesticide residue.

The new vision of the dynamic, self-repairing cell is going to
force not only scientists, but policymakers as well to rethink their
ideas. But-what direction is there for the rest of us? How can we
go about controlling the risks in our diet in the face of the sort of
media hoopla we encounter all the time? I asked Bruce Ames how
he would answer these questions. _

“Don't smoke at all,” he says. “If you drink, drink moderately.
Eat a balanced diet, with lots of fruits and vegetables.” Then, with
a smile, he adds: “Just do what your mother told you.”

About the Author:
Dr. Trefil is the Clarence J. Robinson Professor of Physics at

- George Mason University in Fairfax, Virginia. m





