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ABSTRACT Circulating free iron is lethal. Humans
have two circulating iron binding proteins to soak up
free iron to prevent it from generating toxic quantities
of free radicals. These proteins are transferrin, a high-
affinity, low-capacity protein (2 atoms of iron per mole-
cule of transferrin) for which there are receptors on
the surface of every iron-requiring cell; and ferritin, a
lower-affinity, high-capacity protein (maximum of
4500 atoms of iron per molecule of ferritin) for which
there are receptors only on the surface of iron-storage
cells such as RE (reticulo-endothelial) cells. Iron is
trapped inside the ferritin protein shell as harmless
Fe;. When there is a high serum level of reduced
ascorbic acid, it drives through the pores of the ferritin
protein shell te the inside surface, where it converts
the Fes to catalytic Fep, which then leaks out of the
pores of the ferritin protein shell and generates billions
of free radicals. In normal individuals, per milliliter of
serum, there are approximately 300,000 molecules of
transferrin per molecule of ferritin. Ferritin protein is
an acute phase reactant that sharply rises in the pres-
ence of inflammation of any kind, whereas transferrin
is a reverse acute phase reactant that falls in the pres-
ence of inflammation of any kind. J. Nutr. 126:
12135-122085, 1996.
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Tron is the major generator of free radicals. In moder-
ate quantities, free radicals are necessary for cell sur-
vival; in large quantities they are cytotoxic {Herbert et
al. 1994, Olson 1996/,

Iron participation in electron transfer processes, en-
zymatic reactions and oxygen transport makes it essen-
tial for life and health. Because free iron can be lethal,
two types of protein, one with high affinity [the trans-
ferrins) and the other with high capacity {territin} for
iron have evolved to keep it bound while transported
and stored [Harrison et al. 1990}

Figure 1 {Cross et al. 1987) shows the pathways for
generation of catalytic iron. The powerful oxidizing
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properties of a solution of ferrous salt and hydrogen
peroxide were recognized by Fenton a century ago (Fen-
ton 1894, Haber and Weiss {1934} recognized that free
radical intermediates drove the Fenton reaction.

The catalytic free radical intermediates formed in
the reduction of oxygen to water include superoxide,
hydrogen peroxide and, most catalytic of all, hydroxyl
radicals {Ames 1983, Aisen et al. 1990, Gutteridge and
Halliwell 1990). Most of the *OH generated in vivo
comes from iron-dependent reduction of HyO, [Aisen
et al, 1990, Gurteridge and Halliwell 1990).

Figure 2 shows the stages of iron status (Herbert et
al. 1995). Everyone should be tested for iron status be-
cause the yield of discovering a need for restoration to
normal balance is ~18%. About 12% of Americans are
in positive iron balance and ~6% are in negative 1ron
balance {Herbert 1992). This 6% is almost all infants,
children up to the age of 4 y, children at the onset of
puberty and fertile females, particularly when pregnant
{Herbert 1992, Yip 1994}

About half of the 6% are iron deficient: the other
haif are usually only iron depleted without deficiency
(Herbert 1992} [Fig. 2), although some have early defi-
ciency with subtle liabilities {Baynes 1994). Of the
average adult American male’s total body iron stores
of ~4 g 2.5 are in circulating hemoglobin, ~0.5 in
various iron-containing (particularly respiratory] en-
zymes [Cammack et al. 1990} and ~1 in body iron
stores [Herbert 1987}

It may be that ~20% of Americans have a gene for
iron overload, because Gordeuk et al. {1992a) noted that
~20% of adult American males have a mean trans-
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ferrin saturation of 41% compared with 26% for the
other 80% of adult American males.

The significance of iron excess has been markedly
underestimated [Conrad et al. 1994). Confounding clin-
ical diagnosis is the fact that both deficiency and excess
can produce both anemia and that tired and run-down
feeling (Herbert 1991}. Both iron supplementation

SUPPLEMENT

(Kadiiska et al. 1995} and iron from excessive meat
eating {Conrad et al. 1994] produce excess free radicals.

Vitamin C-driven free radical generation from iron

When ferrous iron reduces H,O. to generate "OH, it
becomes ferric iron. Vitamin C {ascorbic acid} converts
ferric iron back to ferrous, itself becoming oxidized
ascorbic acid, thus allowing another cycle of *OH gen-
eration from renewed ferrous iron [Aisen et al. 1990}
Supplements of vitamin C provide a constant supply
of new reduced ascorbic acid, thus turning a sole cycle
of iron-dependent *OH generation in situations of local-
ized iron overload into a series of cycles, i.e., ascorbate-
driven repetitive free radical generation by iron [Aisen
et al. 1990, Herbert et al. 1694,

Heme oxidation is alsc ascorbate driven: another en-
dogenous source of catalytic free iron is the iron re-
leased when the heme ring is opened by heme oxy-
genase [Abraham et al. 1988); induction of heme oxy-
genase is itself a cytoprotective response to destroy
heme proteins (hemoglobin and myoglobin} that when
released into the extracellular space can instigate tissue
toxicity [Balla et al. 1992, Balla et al. 1993, Nath et al.
1992, Scott and Wagner 1992).

Like iron, vitamin C is a double-edged sword, essen-
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FIGURE 3 Release of iron from stores onto transferrin, i.e., onto total iron binding capacity by 1 mol of vitamin C daily,
in a patient with scurvy and folic acid deficiency-induced megaloblastic anemia and high iron stores {Herbert 1963).

tial for health and antioxidant in physiological
amounts, but prooxidant and cancer promoting in phar-
macological amounts {Borg and Schaich 1989, Herbert
et al. 1994). Whether the antioxidant or prooxidant ac-
tions of ascorbate will predominate depends on the
bodily system and the concentration within it of iron,
ascorbate and other reactants {Aisen et al. 1990, Borg
and Schaich 1989, Herbert et al. 1994).

When a macrophage ingests three or more red cells,
it dies (Kondo et al. 1988). If it also ingests vitamin C,
ingesting only one or two red cells will kill it {Kondo
et al. 1988), demonstrating the lethality of ascorbate-
driven heme oxidation. The Kupffer cell is a major site
for restoring iron from senescent erythrocytes to the
circulation, and ascorbate enhances that iron release.
Thus, ascorbate could well be a major promoter of he-
patic failure and death in iron overload {Herbert et al.
1994, McLaran et al. 1982}

We agree with Lauffer {1991], who wrote:

1 also wornry about the effects of excess vitamin C
on people with even moderately high iron levels. Since
iron may contribute to major killers such as heart dis-
ease and cancer, vitamin C could accelerate this de-
structive process by increasing iron absorption and ex-
acerbating iron-induced tissue damage., The concemn
that undiagnosed hemochromatosis victims could be
harmed by vitamin C was one reason the 1980-1985
RDA Committee of the National Academy of Sciences

tried to decrease the RDA for this vitamin from 60
milligrams a day to 40 milligrams for men and 30 for
women |Herbert 1991} . . . “pro-vitamin C"' NAS staff
members . . . rewrote these recommendations and
.. .issued the . . . RDA for vitamin C set back at its
original (Ed: high| value. {See also: Marshall 1290].

Over 10% of nonblacks and up to 30% of blacks
have a gene for iron overload. Vitamin C supplements
are more likely to harm than help them. Vitamin C
enhances iron absorption, releases catalytic iron from
ferritin and drives the cycle of repetitive reduction of
ferric to ferrous iron. Because ~12% of Americans are
in positive iron balance and ~6% are in negative iron
balance [Herbert 1992, Yip 1994}, vitamin C supple-
ments can be expected to harm twice as many people
as they help.

In 1963, we reported that vitamin C releases iron
fron body stores {Herbert 1963) (Fig. 3} {Herbert et al.
1981). The vitamin C we gave to our patient with
scurvy plus megaloblastic anemia released so much
iron from the stores into the blood that it saturated the
transferrin iron-binding protein [Fig. 3). This occurred
because the bolus of reduced ascorbic acid in the blood-
stream went through the pores of the ferritin protein
shell |Fig. 4}, converting harmless ferritin protein-
bound Fe, to harmful free Fe,, which was soaked up
by transferrin as soon as it leaked out of the ferritin
shell.
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We found in vitro {Herbert et al. 1994a) that iron-
catalyzed lipid peroxidation {which converts harmless
LDL cholesterol to coronary artery-damaging oxidized
LDL) was enhanced from a mean of 6.4 nmol of malon-
dialdehyde produced per hour per milligram protein to
17.6 when we added 10 pumol vitamin C |the plasma
level when an adult absorbs 0.1 g of vitamin C] and to
104.0 when we added 100 gmol vitamin C {the plasma
level when an adult absorbs 1 g of vitamin C}.

This confirms the report by O’Connell et al. {1985]
that ferritin in the presence of ascorbate leads to lipid
peroxidation and the report by O’Connell et al. [1986)
that ferritin in the presence of ascorbate generates free
radicals.

Heterozygous hemochromatosis afflicts ~12% of
American whites and perhaps up to 30% of American
blacks [Gordeuk et al. 1992a, Gordeuk et al. 1992bl.
They have moderately elevated body iron, manifested
by a high serum ferritin iron. The millions of them
with high LDL cholesterol are at risk from either iron
supplements or supplements of vitamin C, which en-
hance both iron absorption and iron toxicity, Salonen
is now setting up ferritin iron assay in Finland.

Lethality of vitamin C supplements in the presence
of iron overload

Hematologists who study iron overload due to trans-
fusion therapy of patients with thalassemia or sickle
cell disease have long known [Herbert 1963, Herbert et
al. 1981) that vitamin C can mobilize such an enot-
mous amount of iron from their high body iron stores
to overwhelm the iron-binding capacity of iron-binding
proteins, with the resultant free iron producing death
within minutes to hours from iron-induced cardiac fail-
ure. By releasing from high iron stores more free iron
than iron-binding proteins can bind, vitamin C supple-
ments can kill persons with iron overload {Halliwell
1594, Herbert 1993}.

Because of the potential lethality of vitamin C sup-
plements in persons with iron overlead, the 1992 Man-
agement Protocol for the Treatment of Thalassemia
Patients of the Intemational Thalassemia Federarion,
states:

Iron-loaded patients usually become vitamin C de-
ficient, probably because iron oxidizes the vitamin.
When this is the case, administration of vitamin C in-
creases excretion of iron in response to Desferal. [Ed.
Note: Desferal is the iron-chelating agent, desferrioxa-
mine). Vitamin C increases the availability of iron, and
$0 may increase its toxicity if large doses are taken
without simultanecus Desferal infusion. Therefore the
following precautions are recommended: a, Start treat-
ment with vitamin C only after an initial month of
treatment with Desferal. b. Give vitamin C supple-
ments only if the patient is receiving Desferal regularly.
c. Do not exceed a daily dose of 200 mg. The minimum
effective dose of vitamin C is about 2-5 mg/kg [N.
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DiPalma, A. Piga, unpublished data]. In general, 50 mg
suffice for children under 10 vears of age and 100 mg
for older children. Vitamin C should be given only on
days when Desferal is taken, ideally when the pump is
set up.

The protocol is available from the Cooley’s Anemia
Foundation, Box CEP, 105 East 22nd Street, New York,
NY 10010.

Genetics of iron

QOur genetic nutrition pyramid (Simopoulos et al.
1993) (Fig. 5), created by putting a genetic base and
appropriate sidebars on the U.S. government's nutri-
tion pyramid of the five basic food groups, converts
the government’s pyramid, usable for the nonexistent
theoretical average American, into one usable by each
individual American. The genetic blueprint of each in-
dividual determines whether that individual should eat
more or less than the theoretical average American
should eat daily from each of the five food groups.

For example, those with a gene for increased iron
absorption should be vegetarians {Herbert 1991, Simo-
poulos et al. 1993) because the average iron absorbabil-
ity by normal people averages only 3% from plant foods
but 5 times as much (15%] from animal foods {Herbert
1987, Herbert 1992).

Homozygous hemochromatosis afflicts one in every
200-300 Caucasians [Powell et al. 19941, and secondary
iron overload afflicts many millions more {Pippard
1994).

Protections against catalytic iron

The intracellular generation of apoferritin is a cyto-
protective antioxidant strategem of endothelial cells
(Balla et al. 1992, Balla et al. 1993).

Serum ferritin was first measured in 1972 (Worwood
1994). The ferritin protein melecule is a tetrahedron
[Harrison et al. 1990}, whose purpose is to soak up and
render harmless catalytic iron (Fe,}. Catalytic iron is
released by any inflamed cell or tissue. Ferritin protein
is an acute phase reactant protein, i.e., a protein gener-
ated in response to iron released at any site of inflam-
mation. Each single molecule of ferritin is capable of
binding up to 4500 atoms of iron.

Ferritin protein and ferritin iron

Although the literature almost exclusively uses the
word ferritin, what is generated within cells in re-
sponse to an iron challenge is apoferritin, almost free
of iron, which then binds iron that would otherwise
be cell damaging. One ferritin molecule is capable of
binding up to 4500 atoms of iron.

Serum iron measurements do not measure the small
amount of iron on ferritin {nmol/L} but only the large
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FIGURE 5 Genetic Nutrition Food Guide Pyramid {© Herbert 1992} updating the 1992 USDA Food Guide Pyramid by adding
a base consisting of “your genetic blueprint'’ and sidebars noting that the food pyramid number of portions are for the nonexistent
theoretical average American and therefore may need to be increased or decreased by each individual according to his or her

unigue genetic blueprint.

amount of iron on transferrin, plus low molecular
weight iron [Borg and Schaich 1989 such as might
have been absorbed from iron succinate citrate [Aisen
et al. 1990},

We can assume that a serum ferritin of 200 nmol/
L accompanied by a fow serum iron and iron-binding
capacity, is largely apoferritin with almost no iron in
it and that the elevated ferritin protein must be present
as an acute phase reactant due to inflammation. Con-
versely, if a serum ferritin of 200 nmol/L is accompa-
nied by a high serum iren and iron-binding capacity,
then we can assume those 200 nmol/L of serum ferritin
contain a great deal of iron.

Except when there is acute serum ferritin elevation
in response to inflammation, the serum ferritin level
so closely mirrors body iron stores that multiplying the
serum ferritin in nmol/L by 10 gives the body iron
stores in pmol/L (Bothwell et al, 1979, Herbert et al.
1987, Herbert 1992,).

Leif Hallberg’s group has recently shown in Swedish
teenage girls that when they get the flu, their acute
phase reactant serum ferritin protein remains elevated
for 6-8 wk {Hallberg, L., personal communication). He
is setting up ferritin iron assay.

There is very little iron in each new molecule of
ferritin because apoferritin is generated in response to
any inflammation. Being a strong iron attractant, over
time ferritin gradually builds up its iron content as it
soaks up available iron.

Our U.S. standards say that in men, normal ferritin
is 50-400 {Herbert 1992). That is wrong [Herbert 1992},
It was based on measuring the range of serum ferritin in
a large number of so-called normal people and finding it
to be 50-400. However, up to half of normal people at
any instant in time, such as during flu season, may
have or mayv be recovering from, one or another in-
flammation. Any inflammatory process produces ele-
vated serum apoferritin generated by the cells affected
by inflammation.

One milliliter of serum ferritin from people with
normal iron levels normally contains 10—35 nmol/L of
iron {Herbert et al. 1995}. Ferritin-iron ranged in nor-
mals from 10-35 nmol/L. Those in negative iron bal-
ance had values =10 nmol. Thirty of 36 in positive
iron balance had values =35 nmel/L, in contrast to 11
of 19 with inflammation. Seventeen of 22 with over-
load had values >100 nmol/L; oniy 1 of 19 with in-
flammation had such a value. Ferritin-iron in ferritin
protein was >15% by weight in 14 of 22 with iron
overload, but in 0 of 19 with inflammation. We con-
cluded that percent saturation of serum ferritin with
iron is the most reliable serum test for the whole range
of human body iron status, unconfounded by inflam-
mation {Herbert et al. 1995],

The bottomn line

Both oxidants and antioxidants are needed in the
biochemical economy of human cells. We need to in-
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ERRATA

Herbert, V., Shaw, §. & Tayatilleke, E. 11996) Vitamin C.driven frec radical gencration from ron. [ Iatr

126: 12135-12208.

The Ame's,' B. reference, correctly cited as the year 1983 on page 12135, is incorrectly cited as “Ames 19937 on
pages 1216$ and 12198, ' '

Figuré 3 on page 12158 is incorrect. The correct Figure is reproduced here.
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FIGURE 3 Note that 1 gram of viramin C daily for 5 days releases 50 much
iron from ferritin stores that the released iron drives serum iron up from 60 to
346, and almost totally saturates transferrin jiron binding capacity). This is how
pharmaceutical grade (pure reduced! vitamin C can kill people with even higher
stores of iron. Vitamin C in fruits and vegetables is not a problem, Biochemically,
they are balanced mixtures of antioxidants in both the oxidized and reduced

forms.




I Nuirition 1996,126:1902 - July, 1996

ERRATA

Herbers, V. 11996) Introduction. ], Nuer. 126; 11975-
12008.

Victor Herbert’s name was inadvertently omitted
from the Ran et al. reference on page 12008, The correct
reference appears here.

Ran, ). Y, Dou, P, Wang, L. Y, Qin, Y., Jin, 8. Y., Li, X. E., Yuan,
R.X,Hag, ). M., Zhang H., Li, P. & Herbert, V. {1993] Comela-
tion of low serum folate and total By, with high incidence of
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esophageal carcinoma [EC) area, folate and By defcient subiects
with esophageal dysplasia |[ED| improve with added folate and
B,;. Blood B2 [suppl. |): 532a [abs.}.

Herbert, V., Shaw, §. & Jayatilleke, E. (1996)  Vita-
min C-driven free radical generation from iron. J. Nutr.
126: 12135-12208. :

The units of ferritin iron should be expressed as
ng fe/ml of serum not nmol fe/L as they were printed.

On the last ;
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S measuremen (nmol/L) is in



