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iron Is the New Cholesterol

Elevated iron is at the center of a web of disease stretching from cancer to diabetes.
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heerios are the best-selling breakfast cereal in America. The multi-grain version contains 18 milligrams of iron per

serving, according to the label. Like almost any refined food made with wheat flour, it is fortified with iron. As it

happens, there’s not a ton of oversight in the fortification process. One study measured the actual iron content of 29

breakfast cereals, and found that 21 contained 120 percent of the label value, and 8 contained 150 percent or more.! One contained

nearly 200 percent of the label value.

If your bowl of cereal actually contains 20 percent more iron than advertised, that’s about 22 mg. = A safe assumption is that people
tend to consume at least two serving sizes at a time.! That gets us to 44 mg. The recommended daily allowance of iron is 8 mg for

men and 18 mg for pre-menopausal women. The tolerable upper intake—which is the maximum daily intake thought to be safe by

the National Institutes of Health—is 45 mg for adults.
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It is entirely feasible that an average citizen could get awfully close to exceeding the maximum daily iron intake regarded as safe with

a single bowl of what is supposed to be a pretty healthy whole-grain breakfast option.

And that’s just breakfast.

At the same time that our iron consumption has grown to the borders of safety, we are beginning to understand that elevated iron
levels are associated with everything from cancer to heart disease. Christina Ellervik, a research scientist at Boston Children’s
Hospital who studies the connection between iron and diabetes, puts it this way: “Where we are with iron now is like where we were

with cholesterol 40 years ago.”

he story of energy metabolism—the basic engine of life at the cellular level—is one of electrons flowing much like

water flows from mountains to the sea. Our cells can make use of this flow by regulating how these electrons travel,

and by harvesting energy from them as they do so. The whole set-up is really not so unlike a hydroelectric dam.

The sea toward which these electrons flow is oxygen, and for most of life on earth, iron is the river. (Octopuses are strange outliers
here—they use copper instead of iron, which makes their blood greenish-blue rather than red). Oxygen is hungry for electrons,
making it an ideal destination. The proteins that facilitate the delivery contain tiny cores of iron, which manage the handling of the

electrons as they are shuttled toward oxygen.

This is why iron and oxygen are both essential for life. There is a dark side to this cellular idyll, though.

Oxygen and iron are essential for the production of energy, but may also
conspire to destroy the delicate order of our cells.

Normal energy metabolism in cells produces low levels of toxic byproducts. One of these byproducts is a derivative of oxygen called
superoxide. Luckily, cells contain several enzymes that clean up most of this leaked superoxide almost immediately. They do so by

converting it into another intermediary called hydrogen peroxide, which you might have in your medicine cabinet for treating nicks



and scrapes. The hydrogen peroxide is then detoxified into water and oxygen.

Things can go awry if either superoxide or hydrogen peroxide happen to meet some iron on the way to detoxification. What then
happens is a set of chemical reactions (described by Haber-Weiss chemistry and Fenton chemistry) that produce a potent and
reactive oxygen derivative known as the hydroxyl radical. This radical—also called a free radical—wreaks havoc on biological
molecules everywhere. As the chemists Barry Halliwell and John Gutteridge—who wrote the book on iron biochemistry—put it,
“the reactivity of the hydroxyl radicals is so great that, if they are formed in living systems, they will react immediately with whatever
biological molecule is in their vicinity, producing secondary radicals of variable reactivity.”2

Such is the Faustian bargain that has been struck by life on this planet. Oxygen and iron are essential for the production of energy,
but may also conspire to destroy the delicate order of our cells. As the neuroscientist J.R. Connor has said, “life was designed to

exist at the very interface between iron sufficiency and deﬁciency.”3

Hemoglobin, ferritin, and transferrin

t the end of the 20th century, the metabolism of iron in the human body was still a bit of a mystery. Scientists knew of

only two ways that the body could excrete iron—bleeding, and the routine sloughing of skin and gastrointestinal cells.

But these processes amount to only a few milligrams per day. That meant that the body must have some way to tightly

regulate iron absorption from the diet. In 2000 a major breakthrough was announced—a protein was found that functioned as the
master regulator for iron. The system, as so many biological systems are, is perfectly elegant. When iron levels are sufficient, the
protein, called hepcidin, is secreted into the blood by the liver. It then signals to gastrointestinal cells to decrease their absorption of
iron, and for other cells around the body to sequester their iron into ferritin, a protein that stores iron. When iron levels are low,
blood levels of hepcidin fall, and intestinal cells begin absorbing iron again. Hepcidin has since become recognized as the principal

governor of iron homeostasis in the human body.

But if hepcidin so masterfully regulates absorption of iron from the diet to match the body’s needs, is it possible for anyone to

absorb too much iron?

In 1996, a team of scientists announced that they had discovered the gene responsible for hereditary hemochromatosis, a disorder
causing the body to absorb too much iron. They called it HFE. Subsequent work revealed that the product of the HFE gene was
instrumental in regulating hepcidin. People with a heritable mutation in this gene effectively have a gross handicap in the entire

regulatory apparatus that hepcidin coordinates.

This, then, leaves open the possibility that some of us could in fact take in more iron than the body is able to handle. But how

common are these mutations? Common enough to matter for even a minority of people reading these words?
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Surprisingly, the answer is yes. The prevalence of hereditary hemochromatosis, in which two defective copies of the HFE gene are
present and there are clinical signs of iron overload, is actually pretty high—as many as 1in 200 in the United States. And perhaps 1
in 40 may have two defective HFE genes without overt hemochromatosis.4 That’s more than 8 million Americans who could have a

significant short-circuit in their ability to regulate iron absorption and metabolism.

What if you have only one defective HFE gene, and one perfectly normal gene? This is called heterozygosity. We would expect to
find more people in this situation than the homozygotes, or those with two bad copies of the gene. And in fact we do. Current
estimates suggest that more than 30 percent of the U.S. population could be heterozygotes with one dysfunctional HFE gene.4

That’s pretty close to 100 million people.

Does this matter? Or is one good gene enough? There isn’t much research, but so far the evidence suggests that some
heterozygotes do have impaired iron metabolism. Studies have shown that HFE heterozygotes seem to have modest elevations of
ferritin as well as transferrin, a protein which chaperones iron through the blood, which would indicate elevated levels of iron.>®
And a study published in 2001 concluded that HFE heterozygotes may have up to a fourfold increased risk of developing iron

overload.?

A host of research articles have supported an association between iron and
cancer.

Perhaps more concerning is that these heterozygotes have also been shown to be at increased risk for several chronic diseases, like
heart disease and stroke. One study found that heterozygotes who smoked had a 3.5 times greater risk of cardiovascular disease
than controls, while another found that heterozygosity alone significantly increased the risk of heart attack and stroke.”® A third
study found that heterozygosity increased nearly sixfold the risk of cardiomyopathy, which can lead to heart failure.?

The connection between excessive iron and cardiovascular disease may extend beyond HFE heterozygotes. A recent meta-analysis
identified 55 studies of this connection that were rigorous enough to meet their inclusion criteria. Out of 55 studies, 27 supported a
positive relationship between iron and cardiovascular disease (more iron equals more disease), 20 found no significant relationship,

and 8 found a negative relationship (more iron equals less disease).10



A few highlights: a Scandinavian study compared men who suffered a heart attack to men who didn’t, and found that elevated
ferritin levels conferred a two- to threefold increase in heart attack risk. Another found that having a high ferritin level made a heart
attack five times more likely than having a normal level. A larger study of 2,000 Finnish men found that an elevated ferritin level
increased the risk of heart attack twofold, and that every 1 percent increase in ferritin level conferred a further 4 percent increase in

that risk. The only other risk factor found to be stronger than ferritin in this study was smoking.

Ferritin isn’t a perfect marker of iron status, though, because it can also be affected by anything that causes inflammation. To
address this problem a team of Canadian researchers directly compared blood iron levels to heart attack risk, and found that higher

levels conferred a twofold increased risk in men and a fivefold increased risk in women.

f cardiovascular disease is one point in iron’s web of disease, diabetes may be another. The first hint of a relationship

between iron and diabetes came in the late 1980s, when researchers discovered that patients receiving regular blood

transfusions (which contain quite a bit of iron) were at significantly increased risk of diabetes. In hemochromatosis,

there had been no way to know if the associated disturbance in glucose metabolism was due to the accumulation of iron itself, or to

the underlying genetic defect. This new link between frequent transfusions and diabetes was indirect evidence that the iron itself

may be the cause.

The next step was to mine existing data for associations between markers of iron status and diabetes. The first study to do so came
out of Finland in 1997: Among 1,000 randomly selected Scandinavian men, ferritin emerged as a strong predictor of dysfunctional
glucose metabolism, second only to body mass index as a risk factor.M In 1999, researchers found that an elevated ferritin level
increased the odds of having diabetes fivefold in men and nearly fourfold in women—similar in magnitude to the association
between obesity and diabetes.'? Five years later, another study found that elevated ferritin roughly doubled the risk for metabolic

syndrome, a condition that often leads to diabetes, hypertension, liver disease, and cardiovascular disease.®

ALSO IN HEALTH
Stop Developing Drugs for the Cancer That Killed My Mother
By Elie Dolgin

The squeak in my mom’s voice seemed strange, but not worrisome. When we spoke on the phone, she

sounded like she had inhaled helium. An initial doctor’s evaluation revealed nothing. And it wasn’t until many
weeks later, when she started...READ MORE

J

Christina Ellervik’s first contribution to the field came in 2011, with a study investigating the association between increased
transferrin saturation—a measure of how much iron is loaded onto the transferrin protein, which moves iron through the blood—
and diabetes risk.' Ellervik found that within a sample of nearly 35,000 Danes, transferrin saturation greater than 50 percent
conferred a two- to threefold increased risk of diabetes. She also identified an increase in mortality rates with transferrin saturation

greater than 50 percent.

In 2015, she led another study that found that, among a sample of 6,000 people, those whose ferritin levels were in the highest 20
percent had 4 times greater odds of diabetes than those with ferritin levels in the lowest 20 percent.!® Blood glucose levels, blood

insulin levels, and insulin sensitivity all were raised with higher ferritin levels.

“It’s incredible that there is so much promising literature, and nobody—
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There’s a problem here, though. All of these studies show associations. They show that two things tend to happen together. But they
don’t tell us anything about causality. To learn something about causality, you need an intervention. In the case of iron, you'd need to
lower the iron and then watch what happens. Fortunately, there’s a very easy and very safe intervention to lower iron levels that’s

performed millions of times every year—phlebotomy, also known as blood donation.

One of the first studies to use phlebotomy to examine the relationship between iron and diabetes was published in 1998.18 The
authors found that among both healthy and diabetic subjects, phlebotomy improved insulin sensitivity and glucose metabolism. A
2005 study found that regular blood donors exhibited lower iron stores and significantly greater insulin sensitivity than non-
donors.1 In 2012, researchers phlebotomized pre-diabetic volunteers until their ferritin levels dropped significantly, and found a
marked subsequent improvement in their insulin sensitivity.18 In that same year, a different group of scientists studied the effect of
phlebotomy on several elements of metabolic syndrome, including glucose metabolism. They found that a single phlebotomy
session was associated with improvement in blood pressure, fasting glucose, hemoglobin A1C (a marker for average glucose levels),
and blood cholesterol six weeks later.!®

Many caveats apply to this evidence—the line between correlation and causation remains unclear, some of the studies used
relatively small sample sizes, and phlebotomy may cause other changes in addition to lowering iron. But taken together, the data

lends weight to the idea that iron plays a significant role in the tortuous pathophysiology of diabetes.

As more published data began to suggest a relationship between iron, cardiovascular disease, and diabetes, researchers started

casting broader nets.

Next up was cancer.

t had been known since the late 1950s that injecting large doses of iron into lab animals could cause malignant tumors,

but it wasn’t until the 1980s that scientists began looking for associations between iron and cancer in humans. In 1985,

Ernest Graf and John Eton proposed that differences in colon cancer rates among countries could be accounted for by
20

the variation in the fiber content of local diets, which can in turn affect iron absorption.

The following year, Richard Stevens found that elevated ferritin was associated with triple the risk of death from cancer among a
group of 20,000 Chinese men.2! Two years later Stevens showed that American men who developed cancer had higher transferrin
saturation and serum iron than men who didn’t.22 In 1990, a large study of Swedish blood donors found that they were 20 percent
less likely to get cancer than non-donor controls.2® Four years later, a group of Finnish researchers found that elevated transferrin
saturation among 40,000 Scandinavians conferred a threefold increase risk for colorectal cancer, and a 1.5-fold increased risk for

lung cancer.24

A host of research articles have been published since Graf and Eton’s first paper, and most have supported an association between
iron and cancer—particularly colorectal cancer. In 2001, a review of 33 publications investigating the link between iron and colorectal
cancer found that more than 75 percent of them supported the relationship.25 A 2004 study found an increased risk of death from
cancer with rising serum iron and transferrin saturation. People with the highest levels were twice as likely to die from cancer than
those with the lowest levels.2® And in 2008, another study confirmed that Swedish blood donors had about a 30 percent decrease in

cancer ris|<.27
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There are a few other lines of evidence that support the association between iron and cancer. People with an HFE mutation have an
increased risk of developing colon and blood cancers. 28 Conversely, people diagnosed with breast, blood, and colorectal cancers are

more than twice as likely to be HFE heterozygotes than are healthy controls.2?

There are also a handful of interventional trials investigating the relationship between iron and cancer. The first was published in
2007 by a group of Japanese scientists who had previously found that iron reduction via phlebotomy essentially normalized markers
of liver injury in patients with hepatitis C. Hepatocellular carcinoma (HCC) is a feared consequence of hepatitis C and cirrhosis, and
they hypothesized that phlebotomy might also reduce the risk of developing this cancer. The results were remarkable—at five years
only 5.7 percent of patients in the phlebotomy group had developed HCC compared to 17.5 percent of controls. At 10 years the
results were even more striking, with 8.6 percent of phlebotomized patients developing HCC compared to an astonishing 39 percent

of controls.30

The second study to investigate the effects of phlebotomy on cancer risk was published the following year by Leo Zacharski, a
colorful emeritus professor at Dartmouth. In a multi-center, randomized study originally designed to look at the effects of
phlebotomy on vascular disease, patients allocated to the iron-reduction group were about 35 percent less likely to develop cancer
after 4.5 years than controls. And among all patients who did develop cancer, those in the phlebotomy group were about 60 percent

less likely to have died from it at the end of the follow-up period.31

he brain is a hungry organ. Though only 2 to 3 percent of body mass, it burns 20 percent of the body’s total oxygen

requirement. With a metabolism that hot, it’s inevitable that the brain will also produce more free radicals as it churns

through all that oxygen. Surprisingly, it’s been shown that the brain appears to have less antioxidant capacity than other

tissues in the body, which could make it more susceptible to oxidative stress.32 The balance between normal cellular energy
metabolism and damage from reactive oxygen species may be even more delicate in the brain than elsewhere in the body. This, in

turn, points to a sensitivity to iron.

It’s been known since the 1920s that neurodegenerative disease—illnesses like Alzheimer’s and Parkinson’s—is associated with
increased iron deposition in the brain. In 1924, a towering Parisian neurologist named Jean Lhermitte was among the first to show

that certain regions of the brain become congested with abnormal amounts of iron in advanced Parkinson’s disease.3® Thirty years



later, in 1953, a physician named Louis Goodman demonstrated that the brains of patients with Alzheimer’s disease had markedly
abnormal levels of iron deposited in the same regions as the famed plaques and tangles that define the iliness.>* Goodman’s work
was largely forgotten for several decades, until a 1992 paper resurrected and confirmed his findings and kindled new interest. Two
years later an exciting new technology called MRI was deployed to probe the association between iron and disease in living patients,

confirming earlier autopsy findings that Alzheimer brains demonstrated significant aberrations in tissue iron.3°

Zacharski is convinced that iron overload is a huge common fulcrum
underlying much of the chronic metabolic disease that is sweeping Western
countries.

By the mid 1990s, there was compelling evidence that Alzheimer’s and Parkinson’s disease involved some dysregulation of iron
metabolism in the brain, but no one knew whether the relationship was cause or consequence of the disease process. Hints began
trickling in at around the same time the MRI findings were being published. A 1993 paper reported that iron promoted aggregation
of amyloid-b, the major constituent of Alzheimer’s plaques.®® In 1997, researchers found that the aberrant iron associated with
Alzheimer’s plaques was highly reactive and able to freely generate toxic oxygen radicals.3’ By 2010, it had been shown that oxidative
damage was one of the earliest detectable changes associated with Alzheimer’s, and that reactive iron was present in the earliest
stages of the disease.3839 And in 2015, a seven-year longitudinal study showed that cerebrospinal fluid ferritin levels were a strong
predictor of cognitive decline and development of Alzheimer’s dementia. 4

Perhaps most surprising was the discovery in 1999 that the pre-cursor to amyloid-b was under direct control by cellular iron levels—
the more iron around, the more amyloid was produced.41 This raised the tantalizing possibility that amyloid plaques might actually
represent an adaptive response rather than a cause, an idea that has been indirectly supported by the spectacular failure of

essentially all efforts to directly target amyloid protein as treatment for the disease.

Together, these findings suggest that abnormal iron metabolism in the brain could be a causative factor in Alzheimer’s and other
neurodegenerative diseases. If that’s true, then we might expect people who are genetically predisposed to an aberrant iron

metabolism would be at higher risk of dementing diseases than others. And so they are.

In the early 2000s, it was discovered that patients with familial Alzheimer’s were more likely to possess one of the HFE genes than
healthy controls.*? Another study found that these genotypes were associated with earlier onset of the disease compared to
controls, and that there was an even more powerful effect in people who an HFE as well as an ApoE4 gene, the primary genetic risk
factor for Alzheimer’s disease.*® A 2004 study showed that the co-occurrence of the HFE gene with a known variant in the

) 44

transferrin gene conferred a fivefold increased risk of Alzheimer’s.™ Two years later a team of Portuguese scientists found that the

HFE variants were associated with increased risk of Parkinson’s as well.4®

What about interventional trials? For neurodegenerative disease, there has been exactly one. In 1991, a team of Canadian scientists
published the results of a two-year randomized trial of the iron chelator desferrioxamine in 48 patients with Alzheimer’s disease.4®
Chelators are a class of medication that bind metal cations like iron, sequester them, and facilitate their excretion from the body.

Patients were randomly allocated to receive desferrioxamine, placebo, or no treatment. The results were impressive—at two years,

iron reduction had cut the rate of cognitive decline in half.

The study was published in The Lancet, one of the world’s most prestigious medical journals, but seems to have been forgotten in

the 20-odd year interim. Not a single interventional study testing the role of iron in Alzheimer’s disease has been published since.



f so many studies seem to show a consistent association between iron levels and chronic disease, why isn’t more work

being done to clarify the risk?

“It’s incredible that there is so much promising literature, and nobody—nobody—is doing the clinical trials,” Dartmouth’s Zacharski
said to me. “If people would just take up the gauntlet and do well-designed, insightful studies of the iron hypothesis, we would have a

much firmer understanding of this. Just imagine if it turns out to be verified!”

His perspective on why more trials haven’t been done is fascinating, and paralleled much of what other experts in the field said.
“Sexiness,” believe it or not, came up in multiple conversations—molecular biology and targeted pharmaceuticals are hot (and
lucrative), and iron is definitively not. “Maybe it’s not sexy enough, too passé, too old school,” said one researcher | spoke to.
Zacharski echoed this in our conversation, and pointed out that many modern trials are funded by the pharmaceutical industry,
which is keen to develop the next billion-dollar drug. Government agencies like the NIH can step in to fill gaps left by the for-profit
research industry, but publically funded scientists are subject to the same sexiness bias as everyone else. As one senior university

scientist told me, “NIH goes for fashion.”

Zacharski is convinced that iron overload is a huge common fulcrum underlying much of the chronic metabolic disease that is
sweeping Western countries. He thinks that even subtly elevated iron levels can result in free radical formation, which then
contribute to chronic inflammation. And chronic inflammation, we know, is strongly linked to everything from heart disease to

diabetes, cancer to Alzheimer’s.

“If this doesn’t deserve randomized trials,” he told me, “then | don’t know what does.”

Until those randomized trials arrive—/’ll see you at the blood bank.

Clayton Dalton is an emergency medicine resident at Massachusetts General Hospital in Boston. He has published stories and essays

with NPR, Aeon, and The Los Angeles Review.
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