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dant defenses. It is now well established
that oxidants can cause the release of catalytic iron (1); thus, a vicious cycle is initiated that leads to the formation of more
reactive oxygen species.
In this review, we discuss the role tissue iron and elevated body iron stores
play in causing type 2 diabetes and the
pathogenesis of its important complications, particularly diabetic nephropathy
and cardiovascular disease (CVD). In addition, we emphasize that iron overload is
not a prerequisite for iron to mediate either diabetes or its complications. Important in its pathophysiology is the
availability of so-called catalytic iron or
iron that is available to participate in free
radical reactions.

he central importance of iron in the
pathophysiology of disease is derived from the ease with which iron
is reversibly oxidized and reduced. This
property, while essential for its metabolic
functions, makes iron potentially hazardous because of its ability to participate in
the generation of powerful oxidant species such as hydroxyl radical (1). Oxygen
normally accepts four electrons and is
converted directly to water. However,
partial reduction of oxygen can and does
occur in biological systems. Thus, the sequential reduction of oxygen along the
univalent pathway leads to the generation
of superoxide anion, hydrogen peroxide,
hydroxyl radical, and water (1,2). Superoxide and hydrogen peroxide appear to
be the primary generated species. These
species may then play a role in the generation of additional and more reactive oxidants, including the highly reactive
hydroxyl radical (or a related highly oxidizing species) in which iron salts play a
catalytic role in a reaction. This reaction is
commonly referred to as the metal catalyzed Haber-Weiss reaction (1):
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Because iron participates in the formation
of reactive oxygen species, organisms take
great care in the handling of iron. Indeed,
iron sequestration in transport and storage proteins may contribute to antioxi-

THE ROLE OF IRON IN THE
INDUCTION OF DIABETES
Evidence that systemic iron overload
could contribute to abnormal glucose metabolism was first derived from the observation that the frequency of diabetes is
increased in classic hereditary hemochromatosis (HH). However, with the discovery of novel genetic disorders of iron
metabolism, it is obvious that iron overload, irrespective of the cause or the gene
involved, results in an increased incidence of type 2 diabetes. The role of iron
in the pathogenesis of diabetes is suggested by 1) an increased incidence of
type 2 diabetes in diverse causes of iron
overload and 2) reversal or improvement
in diabetes (glycemic control) with a reduction in iron load achieved using either
phlebotomy or iron chelation therapy.
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Recently, a link has been established between increased dietary iron intake, particularly eating red meat and increased
body iron stores, and the development of
diabetes. A causative link with iron overload is suggested by of the improvement
in insulin sensitivity and insulin secretion
with frequent blood donation and decreased iron stores (3,4).
Although the exact mechanism of
iron-induced diabetes is uncertain, it is
likely, as discussed below, to be mediated
by three key mechanisms: 1) insulin deficiency, 2) insulin resistance, and 3) hepatic dysfunction. An understanding of
the pathogenic pathways of iron-induced
diabetes is derived mainly from studies on
animal models of hemochromatosis.
In a mouse model of hemochromatosis, iron excess and oxidative stress mediate apoptosis of pancreatic islets with a
resultant decrease in insulin secretory capacity (5). Pancreatic islets have an extreme susceptibility to oxidative damage,
perhaps because of the nearly exclusive
reliance on mitochondrial metabolism of
glucose for glucose-induced insulin secretion and low expression of the antioxidant defense system (6). A high expression of divalent metal transporter additionally predisposes them for more
accumulation of iron than other cells (7)
and potentiates the danger from ironcatalyzed oxidative stress.
In studies on thalassemic patients, insulin resistance is significantly increased
(8,9). In human studies, McClain et al.
(10) recently demonstrated a high prevalence of abnormal glucose homeostasis in
individuals with hemochromatosis and
examined possible mechanisms for this
high prevalence. Using glucose tolerance
tests, they demonstrated not only that insulin secretion is impaired but also that
there is insulin resistance. The mechanisms for insulin resistance include the
possibility of iron overload causing resistance directly or through hepatic dysfunction (11). In a study of patients with
unexplained hepatic iron overload, most
were found to be insulin resistant, which
suggests a common etiologic link among
hepatic iron, hepatic dysfunction, and insulin resistance (12) (Fig. 1).
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Epidemiology of type 2 diabetes in
known iron overload conditions
Genetic iron overload syndromes and
diabetes. Over 80% of cases of HH (type
1) result from a mutation in the gene encoding the hereditary hemochromatosis
protein (HFE) (13) (Table 1). These mutations lead to an accumulation of iron in
several tissues and present as a classic syndrome of hypogonadism, diabetes, liver
disease, cardiomyopathy, and arthritis. In
type 1 hereditary hemochromatosis, up to
60% of the affected patients develop diabetes (14,15). Diabetes appears to be a
result of both insulin deficiency and resistance. Evidence for this is derived from
studies in HH patients whose body iron
stores were reduced with phlebotomy
and/or iron chelation therapy, which resulted in improved glycemic control and
30 – 40% of patients achieving elimination of oral hypoglycemic therapy or a
substantial reduction in dosage (15,16).
A similar increase in the incidence of
type 2 diabetes is observed in other genetic iron overload syndromes that involve iron transport. For example, in
Table 1—Iron overload states and diabetes
Genetic iron overload
HH (C282Y and H63D mutations)
Ferropontin disease
Hemojuvelin mutation
Hereditary aceruloplasminemia
Mitochondrial iron overload
Friedreich’s ataxia (frataxin mutation)
Transfusional iron overload
Hepatic iron overload
HCV
Porphyria cutanea tarda
DIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007

autosomal dominant hemochromatosis
syndrome involving the iron transporter
ferropontin, diabetes is present in up to
25% of patients (17). In juvenile hemochromatosis involving hemojuvelin mutations, 25% of patients were glucose
intolerant (18). An increased incidence of
diabetes is also seen in hereditary aceruloplasminemia, a condition where the
lack of synthesis of apoceruloplasmin affects the distribution of tissue iron and
leads to a progressive accumulation of
iron (19). The levels of malondialdehyde
and 4-hydroxynonenals, which are indicators of lipid peroxidation, are significantly elevated in the frontal lobe and
putamen and suggest a pathogenic role
for iron-mediated oxidative stress in endorgan manifestations of this syndrome
(20).
Several recent reports focused on specific mutations such as C282Y, and its associations with diabetes extend these
observations and suggest that even moderate elevations of body iron stores outside the setting of hereditary
hemochromatosis can be associated with
diabetes. The C282Y mutation particularly has been shown to be associated with
elevated ferritin and transferrin saturation
values (13). This genotype is found in patients with diverse endocrine problems
including diabetes despite the absence of
overt hereditary hemochromatosis (21).
Acton et al. (22) evaluated the associations of diabetes with serum ferritin,
transferrin saturation, and hereditary
hemochromatosis mutations in the
Hemochromatosis and Iron Overload
Screening (HEIRS) Study. Serum ferritin
concentrations were associated with dia-
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Figure 1—Pathogenic pathways for iron in induction of diabetes.

betes at levels below those typically associated with hemochromatosis and iron
overload. Fumeron et al. (23), in a prospective study, also reported a positive association between transferrin and ferritin
with the onset of abnormalities and glucose metabolism. They argue that their
results support a causative role of disordered iron metabolism in the onset of insulin resistance in type 2 diabetes.
Transfusional iron overload and diabetes. Transfusional iron overload is the
most common cause of acquired iron
overload and is typically seen in transfusion-dependent chronic hemolytic anemia such as ␤-thalassemia. Impaired
glucose tolerance is often detected in the
second decade of life. In a study of 80
transfusion-dependent ␤-thalassemic patients, diabetes was reported in 19.5% of
patients and impaired glucose tolerance
in 8.5% of patients. The risk factors for
impaired glucose tolerance and type 2 diabetes found in that study were high serum ferritin and hepatitis C (HCV)
infection (24). Insulin deficiency due to
iron deposition in the interstitial pancreatic cells, with resultant excess collagen
deposition and defective microcirculation
(25) and insulin resistance (26), are the
likely mechanisms for type 2 diabetes.
Treatment with intravenous or oral chelation improves glucose tolerance in up to
one-third of these patients, suggesting a
causal role for iron (27,28). Preliminary
evidence also suggests a direct role for
iron-derived free radicals in mediating
end-organ damage of diabetes in transfusional iron overload (29). In this study,
patients with higher degrees of lipid peroxidation had an accelerated onset of diabetic nephropathy.
African iron overload and diabetes.
Dietary iron overload is well described in
South African tribal populations. It is ascribed to cooking food in African threelegged iron pots and eating acidic cereal,
which increases iron absorption. However, a genetic predisposition has also
been considered. Clinically, it behaves
like hereditary hemochromatosis, and
type 2 diabetes is a well known late manifestation (30). Similarly, autopsy studies
of African Americans suggest that pathologic iron overload that cannot be linked
to specific gene mutations occurs in 1% of
these patients. This data has been confirmed in National Health and Nutrition
Examination Survey (NHANES) II and III
studies, where 0.9% of African Americans
had markedly elevated transferrin saturations and 14% had intermediate eleva-
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thiamine-dependent megaloblastic anemia (43), and specific disorders with mitochondrial mutation (tRNA) (44),
support this conclusion. Absence of a
similar association of type 2 diabetes with
other disorders of mitochondrial iron
overload, such as Hallervorden-Spatz disease, might be due to an organ-localized
nature of iron overload in these conditions (45).
The role of iron in diabetes without
overt iron overload
A relationship between high iron intake
and high body iron stores outside the setting of genetic iron overload and type 2
diabetes is well recognized (46). Loma
Linda University’s Adventist Health Study
was the first to report the association between meat intake and type 2 diabetes
risk (47) that has since been consistently
observed by several other studies (48,49).
Numerous studies have confirmed that
this association is related to the high heme
content of meat and increased dietary
heme intake (3,50 –52). Similarly, high
body iron stores have been linked to insulin resistance (53,54), metabolic syndrome (53,55–57), and gestational
diabetes (58,59). Recently, Jiang et al.
(60) carried out a nested case-control
study within the Nurses’ Health Study cohort. Among cases of incident diabetes,
the mean concentration of serum ferritin
was significantly higher compared with
control subjects, and the mean ratio of
transferrin receptors to ferritin was significantly lower. This relationship with
markers of body iron stores persisted after
correction for various other risk factors
for diabetes, including markers of obesity
and inflammation.
Jehn et al. (61) argue that the modest
elevations in ferritin levels observed in diabetes may be a consequence or marker
rather than the cause of impending insulin resistance and that elevated ferritin
may not reflect elevated body iron stores
or an intracellular labile iron pool that
participates in oxidant injury. However,
the common presence (59 –92% of patients) of non–transferrin-bound iron
(NTBI), a form of iron most susceptible to
redox activity, in excess amounts in type 2
diabetes with a strong gradient for severity (62), and the preliminary evidence
that reduction in body iron stores with
bloodletting in type 2 diabetes results in
improvement in glycemic control and insulin resistance (56,63), suggests a pathogenic role of iron in type 2 diabetes.

Blood donation and diabetes
As discussed, iron overload is common in
patients outside the setting of known iron
overload syndromes. Insulin resistance
has been described in such patients
(11,64), and iron-chelating agents and
blood donations have been shown to decrease the development of diabetes in
such patients (65,66). Interestingly, even
in apparently healthy individuals, blood
donation resulting in decreased iron
stores has been associated with a low incidence of diabetes (66). Recent randomized studies (56) have demonstrated that
iron stores influence insulin action, and
following bloodletting over a 4-month
period, insulin sensitivity improved. Finally, a low-iron diet improves cardiovascular risk profiles (67). Fernandez et al.
(68) investigated the relationship between iron stores and insulin sensitivity in
181 men. Men who donated blood more
than two times over a 5-year period were
matched with nondonors. Blood donation was associated with increased insulin
sensitivity and decreased iron stores. Additional and intriguing support to this association also comes from a study on
patients with iron deficiency who exhibit
a decreased incidence of diabetes.
THE ROLE OF IRON IN
COMPLICATIONS OF
DIABETES
The importance of protein glycation is
well known in the pathogenesis of diabetic vascular complications. Transition
metals also play a role in protein glycation
induced by hyperglycemia. It has been
shown that glycated proteins have a substantial affinity for the transition metals,
and the bound metal retains redox activity and participates in catalytic oxidation
(69). Thus, should similar glycochelates
form in vivo, reactions mediated by the
chelates could be involved in the vascular
complications of diabetes (70). Desferoxamine causes a modest reduction in A1C.
Also, in in vivo conditions, treatment with
desferoxamine has been shown to
modestly reduce A1C levels in patients
with non–insulin-dependent diabetes
(71) and diabetic rats (72). In this section,
we review additional clinical and epidemiological studies and pathogenic mechanisms that link iron to complications of
diabetes.
The role of iron in diabetic
nephropathy
Evidence linking iron to diabetic nephropathy includes 1) animal and epideDIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007
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tions of transferrin saturation (31). Pilot
data from the Jackson Heart Study shows
a positive correlation between serum ferritin and fasting blood glucose and A1C
(r ⫽ 0.15), though no correlation has
been found between transferrin saturation and glycemic status (32). Because of
these inconsistencies and absence of specific data on iron chelation or phlebotomy
to reverse diabetes or improve glycemic
control, it is difficult to draw firm conclusions on the link between iron overload
and diabetes in African Americans.
HCV, porphyria cutanea tarda, and diabetes. Recent studies have described
not only a significantly increased risk for
diabetes in patients with HCV infection
(33,34) but also its associated conditions
such as porphyria cutanea tarda. In porphyria cutanea tarda, a cutaneous condition associated with increased iron
overload, up to 87% of patients were glucose intolerant (35). Further, HCV can
adversely affect progression of kidney disease in patients with biopsy-proven diabetic nephropathy (36). HCV infection is
well known to be associated with an accumulation of iron in the liver parenchyma. Many patients with chronic HCV
infection often have elevated serum iron,
transferrin saturation, and ferritin levels,
and a few have severe hepatic iron overload (37,38). This might suggest that iron
overload has a role in the pathogenic link
between HCV and accelerated end-organ
damage in diabetes.
Type 2 diabetes in mitochondrial iron
overload. Friedreich’s ataxia, an inherited neurodegenerative disease with a
trinucleotide (GAA) hyperexpansion
within the first intron of the Friedreich’s
ataxia gene (FRDA), is a classic disorder
associated with mitochondrial iron accumulation. FRDA encodes for a protein
called frataxin, which has a specific association with the mitochondrial inner
membrane and is involved in the formation of Fe-S clusters. Friedreich’s ataxia is
associated with a high incidence of type 2
diabetes (39), suggesting a possible relation between mitochondrial iron accumulation leading to mitochondrial DNA
damage and type 2 diabetes. Disruption
of the frataxin gene in pancreatic ␤-cells
causes diabetes following cellular growth
arrest and apoptosis, paralleled by an increase in reactive oxygen species in islets
(40). In turn, this leads to progressive
damage to both mitochondrial and nuclear DNA (41). Noted occurrence of diabetes in other disorders of mitochondrial
DNA, such as Wolfram Syndrome (42),
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The role of iron in endothelial and
vascular disease
The possibility that iron status has a role
in CVD was postulated by J.L. Sullivan in
1981 (70). The man-woman ratio for median serum ferritin levels for ages 18 – 45
DIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007

years is 3.8, which is similar to the increased risk for heart disease, with the reduced risk against heart disease in women
ending with the onset of menopause. Epidemiologic studies in overt iron overload
states such as transfusional iron overload
and hemochromatosis have shown that
the incidence of cardiac disease is increased (64) and that treatment with iron
chelation improves cardiovascular outcome (27,86,87). Similarly, several studies have demonstrated a direct association
between increased iron intake, body iron
stores, and cardiovascular risk in the general population. Increased intake of heme
iron is associated with increased cardiovascular events (88 –91), and increased
body iron stores are associated with myocardial infarction in a prospective epidemiological study (92). Additionally,
varieties of cardiovascular risk factors are
associated with iron overload and commonly cluster in the metabolic syndrome.
Ramakrishnan et al. (91) have demonstrated this close relationship between
iron stores and cardiovascular risk factors
in women of reproductive age in the U.S.
The association was seen with total cholesterol, triglycerides, diastolic blood
pressure, and glucose, factors that often
cluster in individual patients. Additional
evidence of the role of iron can also be
derived from studies on surrogate markers such as carotid atherosclerosis finding
a positive association with iron stores
(93). However, several other studies argue against an association between increased iron intake and body iron stores
and cardiovascular risk (94 –99). One
possible reason for these conflicting data
is the lack of precision of markers that
were used to indicate iron load. In most of
these studies, serum ferritin has been
used as an indicator of iron load; however, serum ferritin also increases with a
variety of inflammatory and stressful conditions. Similarly, other markers indicative of iron status in the body such as
transferrin saturation are not reflective of
total body iron stores or the presence of
reactive forms of iron in blood. In fact,
NTBI may be present in the serum even
when transferrin is not fully saturated
(62,100).
Pathologic mechanisms for iron in
promoting vascular disease can be derived from cell culture studies, animal
models, and human functional studies
(vascular reactivity). In cell culture models, the addition of NTBI to human endothelial cell cultures increases surface
expression of adhesion molecules

(101,102) and also increases monocyte
adherence to the endothelium. These abnormalities can be corrected by the addition of iron chelators such as desferoxamine
and dipirydyl. Such an addition decreases
expression of adhesion molecules and
monocyte adherence (101–103). In human
studies of end-stage renal disease patients,
intravenous iron therapy has been shown to
increase vascular and systemic oxidative
stress (104 –106), promote atherosclerosis
(106), and increase the risk of arterial
thrombosis (105). Further, intravenous
iron has been shown to cause impaired
flow-mediated dilatation in the brachial artery, a surrogate for endothelial dysfunction
(107). Conversely, improvement in vascular reactivity after phlebotomy in patients
with high-ferritin type 2 diabetes further
supports these observations (108). Additionally, several recent studies on cardiovascular evaluation and outcome in highfrequency blood donors demonstrate
improvement in surrogate markers of vascular health such as decreased oxidative
stress and enhanced vascular reactivity
when compared with low-frequency donors (107). However, conflicting data exists
regarding the relationship between decreased iron stores from frequent blood donation and hard end points such as a
decrease in cardiovascular events and mortality (66,109).
Plasma NTBI measures reactive forms
of iron that result in increased oxidative
stress and cell injury. A recent prospective
study on the association of NTBI with cardiovascular events in postmenopausal
women, the first of its kind, disappointingly showed no excess of CVD or acute
myocardial infarction in patients with a
highest tertile of NTBI compared with
those with a lowest tertile of NTBI (110).
The reason for negative results in this
study might reside in the limitations of
the study itself, including short followup, low event rates, and age of the population studied (49 –70 years). Also, the
NTBI assay method used yielded negative
NTBI values in some patients and skepticism has been cast on this method before
(111). Future studies using a reliable and
precise NTBI measurement method to
test its association with cardiovascular
events will be very informative. Alternatively, better methods of measuring excess free/catalytic iron need to be
developed and validated.
The beneficial effect of iron chelators
on endothelial dysfunction suggests the
role of iron in vascular disease. Impaired
endothelial function as a result of in1929
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miological studies, 2) studies in which an
increased amount of iron has been shown
in the kidneys of both animals (73,74)
and humans (75) with kidney disease, 3)
evidence for increased urinary iron in patients with diabetic nephropathy, and 4)
the prevention of progression either by an
iron-deficient diet or agents that bind and
remove iron (chelators) (76 –78).
Animal studies provide considerable
evidence for the role of iron and oxidants
in diabetic nephropathy (79 – 84). Oxidative stress from factors such as hyperglycemia, advanced glycation end products,
and hyperlipidemia further contribute to
the availability of intracellular iron that
can generate and viciously worsen oxidative stress and renal damage. Iron content
in the kidney has been shown to be increased in an animal model of diabetes
(84), and urinary iron excretion is increased early in the course of diabetic renal disease in humans (83,85). There is
considerable evidence that, once renal insufficiency develops, regardless of etiology, it tends to progress over time. This
has been interpreted to indicate some
common pathways for progression of kidney disease. Thus, lessons learned from
other models of progression are likely to
be relevant to diabetic nephropathy. In
proteinuric models of kidney disease,
iron accumulates within proximal tubule
lysosomes. Nankivell et al. evaluated iron
accumulation in kidney biopsies of patients with chronic kidney disease and
proteinuria by energy-dispersive analysis.
Compared with normal kidneys, iron accumulates in proximal tubular lysosomes
in chronic kidney disease kidneys, and its
accumulation correlates with the degree
of proteinuria (73,75). Most importantly,
the pathogenic role of iron in progression
is indicated by the observation that progression can be prevented either by an
iron-deficient diet or chelators (76 –78).
More specifically, in diabetes, a recent
randomized trial involving 191 patients
with diabetes, proteinuria, and a decreased glomerular filtration rate showed
that a low-iron–available, carbohydraterestricted, polyphenol-enriched diet
compared with a standard proteinrestricted diet had a renoprotective effect
(67).
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CONCLUSIONS
In summary, there is suggestive evidence
that iron plays a pathogenic role in diabetes and its complications such as microangiopathy and atherosclerosis. Reliable
and sensitive methods need to be developed to precisely measure the free/
catalytic iron that participates in oxidative
injury. Iron chelation therapy may
present a novel way to interrupt the cycle
of catalytic iron–induced oxidative stress
and tissue injury and consequent release
of catalytic iron in diabetes and to prevent
diabetes-related complications.
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23. Fumeron F, Péan F, Driss F, Balkau B,
Tichet J, Marre M, Grandchamp B: Ferritin and transferrin are both predictive
of the onset of hyperglycemia in men
and women over 3 years: the data from
an epidemiological study on the insulin
resistance syndrome (DESIR) study. Diabetes Care 29:2090 –2094, 2006
24. Chern JPS, Lin K-H, Lu M-Y, Lin D-T,
Lin K-S, Chen J-D, Fu C-C: Abnormal
glucose tolerance in transfusion-dependent ␤-thalassemic patients. Diabetes
Care 24:850 – 854, 2001
25. Papanikolaou G, Pantopoulos K: Iron
metabolism and toxicity. Toxicol Appl
Pharmacol 202:199 –211, 2005
26. Cavallo-Perin P, Pacini G, Cerutti F,
Bessone A, Condo C, Sacchetti L, Piga A,
DIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007

Downloaded from http://diabetesjournals.org/care/article-pdf/30/7/1926/597741/zdc00707001926.pdf by guest on 17 August 2022

creased NAD(P)H oxidase-dependent oxidant generation was restored by
desferoxamine (112). Furthermore, desferoxamine has been shown to prevent diabetes-induced endothelial dysfunction
(113) and deficits in endoneural nutritive
blood flow in streptozotocin-induced diabetic rats (113,114). Additionally,
dexrazoxane, a chelating agent, has been
shown to prevent homocysteine-induced
endothelial dysfunction in healthy
subjects.
Desferoxamine continues to be the
most common iron chelator in use, but it
has several limitations, including the need
for parenteral administration, side effects,
and cost. The availability of safe and effective oral iron chelators such as deferiprone and deferasirox has made
treatment of iron overload states more
practical. These drugs are widely available
outside the U.S. but have not yet been
approved by the Food and Drug Administration. Yet another potential advantage
of oral iron chelators is their ability to
penetrate the cell membrane and chelate
intracellular iron species (115). Randomized clinical trials of these agents are
needed to determine their effectiveness
in treating/preventing diabetes and its
complications.

Swaminathan and Associates

27.

28.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

DIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007

40.

41.

42.

43.

44.
45.
46.

47.

48.

49.

50.

51.

Mueller-Berghaus J, Epplen C, Pfeiffer A,
Kahn CR, Doria A, Krone W, MuellerWieland D: An association between
NIDDM and a GAA trinucleotide repeat
polymorphism in the X25/frataxin (Friedreich’s ataxia) gene. Diabetes 47:851–
854, 1998
Ristow M, Mulder H, Pomplun D,
Schulz TJ, Muller-Schmehl K, Krause A,
Fex M, Puccio H, Muller J, Isken F,
Spranger J, Muller-Wieland D, Magnuson MA, Mohlig M, Koenig M, Pfeiffer
AF: Frataxin deficiency in pancreatic islets causes diabetes due to loss of beta
cell mass. J Clin Invest 112:527–534,
2003
Karthikeyan G, Santos JH, Graziewicz
MD, Copeland WC, Isaya G, Van
Houten B, FAR: Reduction in frataxin
causes progressive accumulation of mitochondrial damage. Hum Mol Genet 12:
3331–3342, 2003
Strom TM, Hortnagel K, Hofmann S,
Gekeler F, Scharfe C, Rabl W, Gerbitz
KD, Meitinger T: Diabetes insipidus, diabetes mellitus, optic atrophy and deafness (DIDMOAD) caused by mutations
in a novel gene (wolframin) coding for a
predicted transmembrane protein. Hum
Mol Genet 7:2021–2028, 1998
Ozdemir MA, Akcakus M, Kurtoglu S,
Gunes T, Torun YA: TRMA syndrome (thiamine-responsive megaloblastic anemia):
a case report and review of the literature.
Pediatr Diabetes 3:205–209, 2002
Alcolado JC, Laji K, Gill-Randall R: Maternal transmission of diabetes. Diabet
Med 19:89 –98, 2002
Ponka P: Cellular iron metabolism. Kidney Int Suppl 69:S2–S11, 1999
Ford ES, Cogswell ME: Diabetes and serum ferritin concentration among U.S.
adults. Diabetes Care 22:1978 –1983,
1999
Snowdon DA, Phillips RL: Does a vegetarian diet reduce the occurrence of diabetes? Am J Public Health 75:507–512,
1985
Schulze MB, Manson JE, Willett WC, Hu
FB: Processed meat intake and incidence
of type 2 diabetes in younger and middle-aged women. Diabetologia 46:1465–
1473, 2003
van Dam RM, Willett WC, Rimm EB,
Stampfer MJ, Hu FB: Dietary fat and
meat intake in relation to risk of type 2
diabetes in men. Diabetes Care 25:417–
424, 2002
Song Y, Manson JE, Buring JE, Liu S: A
prospective study of red meat consumption and type 2 diabetes in middle-aged
and elderly women: the women’s health
study. Diabetes Care 27:2108 –2115,
2004
Lee DH, Folsom AR, Jacobs DRJ: Dietary
iron intake and type 2 diabetes incidence
in postmenopausal women: the Iowa
Women’s Health Study. Diabetologia 47:

185–194, 2004
52. Rajpathak S, Ma J, Manson J, Willett
WC, Hu FB: Iron intake and the risk of
type 2 diabetes in women: a prospective
cohort study. Diabetes Care 29:1370 –
1376, 2006
53. Sheu WH, Chen YT, Lee WJ, Wang CW,
Lin LY: A relationship between serum
ferritin and the insulin resistance syndrome is present in non-diabetic women
but not in non-diabetic men. Clin Endocrinol (Oxf) 58:380 –385, 2003
54. Tuomainen TP, Nyyssonen K, Salonen
R, Tervahauta A, Korpela H, Lakka T,
Kaplan GA, Salonen JT: Body iron stores
are associated with serum insulin and
blood glucose concentrations: population study in 1,013 eastern Finnish men.
Diabetes Care 20:426 – 428, 1997
55. Jehn MCJ, Guallar E: Serum ferritin and
risk of the metabolic syndrome in U.S.
adults. Diabetes Care 27:2422–2428,
2004
56. Fernandez-Real JM, Penarroja G, Castro A, Garcia-Bragado F, HernandezAguado I, Ricart W: Blood letting in
high-ferritin type 2 diabetes: effects on
insulin sensitivity and ␤-cell function.
Diabetes 51:1000 –1004, 2002
57. Bozzini C, Girelli D, Olivieri O, Martinelli N, Bassi A, De Matteis G, Tenuti I,
Lotto V, Friso S, Pizzolo F, Corrocher R:
Prevalence of body iron excess in the
metabolic syndrome. Diabetes Care 28:
2061–2063, 2005
58. Lao TT, Tam KF: Maternal serum ferritin
and gestational impaired glucose tolerance. Diabetes Care 20:1368 –1369,
1997
59. Chen X, Scholl TO, Stein TP: Association of elevated serum ferritin levels and
the risk of gestational diabetes mellitus
in pregnant women: the Camden study.
Diabetes Care 29:1077–1082, 2006
60. Jiang R, Manson JA, Meigs JB, Ma J, Rifai
N, Hu FB: Body iron stores in relation to
risk of type 2 diabetes in apparently
healthy women. J Am Med Assoc 291:
711–717, 2004
61. Jehn ML, Guallar E, Clark JM, Couper D,
Duncan BB, Ballantyne CM, Hoogeveen
RC, Harris ZL, Pankow JS: A prospective
study of plasma ferritin level and incident diabetes: the Atherosclerosis Risk
in Communities (ARIC) Study. Am J Epidemiol 165:1047–1054, 2007
62. Lee DH, Liu DY, Jacobs DRJ, Shin HR,
Song K, Lee IK, Kim B, Hider RC: Common presence of non-transferrin-bound
iron among patients with type 2 diabetes. Diabetes Care 29:1090 –1095, 2006
63. Bofill C, Joven J, Bages J, Vilella E, Sans
T, Cavalle P, Miralles R, Llobet J, Camps
J: Response to repeated phlebotomies in
patients with non-insulin-dependent diabetes mellitus. Metabolism 43:614 –
620, 1994
64. Schafer AI, Cheron RG, Dluhy R, Cooper
1931

Downloaded from http://diabetesjournals.org/care/article-pdf/30/7/1926/597741/zdc00707001926.pdf by guest on 17 August 2022

29.

Pagano G: Insulin resistance and hyperinsulinemia in homozygous beta-thalassemia. Metabolism 44:281–286, 1995
Brittenham GM, Griffith PM, Nienhuis
AW, McLaren CE, Young NS, Tucker
EE, Allen CJ, Farrell DE, Harris JW: Efficacy of deferoxamine in preventing
complications of iron overload in patients with thalassemia major. N Engl
J Med 331:567–573, 1994
Platis O, Anagnostopoulos G, Farmaki
K, Posantzis M, Gotsis E, Tolis G: Glucose metabolism disorders improvement in patients with thalassaemia
major after 24 –36 months of intensive
chelation therapy. Pediatr Endocrinol Rev
2:279 –281, 2004
Loebstein R, Lehotay DC, Luo X, Bartfay
W, Tyler B, Sher GD: Diabetic nephropathy in hypertransfused patients with
␤-thalassemia: the role of oxidative stress.
Diabetes Care 21:1306 –1309, 1998
Walker ARP, Segal I: Iron overload in
Sub-Saharan Africa: to what extent is
it a public health problem? Br J Nutr 81:
427– 434, 1999
Gordeuk VR, McLaren CE, Looker AC,
Hasselblad V, Brittenham GM: Distribution of transferrin saturations in the African-American population. Blood 91:
2175–2179, 1998
Wilson JG, Lindquist JH, Grambow SC,
Crook ED, Maher JF: Potential role of
increased iron stores in diabetes. Am J
Med Sci 325:332–339, 2003
Mehta SH, Brancati FL, Sulkowski MS,
Strathdee SA, Szklo M, Thomas DL:
Prevalence of type 2 diabetes mellitus
among persons with hepatitis C virus infection in the United States. Ann Intern
Med 133:592–599, 2000
Antonelli A, Ferri C, Fallahi P, Pampana
A, Ferrari SM, Goglia F, Ferrannini E:
Hepatitis C virus infection: evidence for
an association with type 2 diabetes. Diabetes Care 28:2548 –2550, 2005
Franks AGJ, Pulini M, Bickers DR, Rayfield EJ, Harber LC: Carbohydrate metabolism in porphyria cutanea tarda.
Am J Med Sci 277:163–171, 1979
Soma J, Saito T, Taguma Y, Chiba S, Sato
H, Sugimura K, Ogawa S, Ito S: High
prevalence and adverse effect of hepatitis
C virus infection in type II diabetic-related nephropathy. J Am Soc Nephrol 11:
690 – 699, 2000
Arber N, Konikoff FM, Moshkowitz M,
Baratz M, Hallak A, Santo M, Halpern Z,
Weiss H, Gilat T: Increased serum iron
and iron saturation without liver iron accumulation distinguish chronic hepatitis
C from other chronic liver diseases. Dig
Dis Sci 39:2656 –2659, 1994
Boujaoude L, Baker S, Baker R: Iron and
hepatitis C. J Pediatr Gastroenterol Nutr
31:91–92, 2000
Ristow M, Giannakidou E, Hebinck J,
Busch K, Vorgerd M, Kotzka J, Knebel B,

Iron and diabetes

65.

66.

67.

69.

70.
71.

72.

73.

74.

75.

76.

77.
78.

1932

79. Yan SD, Schmidt AM, Anderson GM,
Zhang J, Brett J, Zou YS, Pinsky D, Stern
D: Enhanced cellular oxidant stress by
the interaction of advanced glycation
end products with their receptors/binding proteins. J Biol Chem 269:9889 –
9897, 1994
80. Hara T, Miyai H, Iida T, Futenma A, Nakamura S, Kato K: Aggravation of puromycin aminonucleoside (PAN) nephrosis
by the inhibition of endogenous superoxide dismutase (SOD). In XI International Congress of Nephrology New York,
Springer-Verlag, 1990, p. 442A
81. Ha H, Kim KH: Role of oxidative stress in
the development of diabetic nephropathy. Kidney Int 48:S18 –S21, 1995
82. Wohaieb SA, Godin DV: Alterations in
free radical tissue-defense mechanisms
in streptozocin-induced diabetes in rat:
effects of insulin treatment. Diabetes 36:
1014 –1018, 1987
83. Howard RL, Buddington B, Alfrey AC:
Urinary albumin, transferrin and iron
excretion in diabetic patients. Kidney Intl
40:923–926, 1991
84. Johnson WT, Evans GW: Effects of the
interrelationship between dietary protein and minerals on tissue content of
trace metals in streptozotocin-diabetic
rats. J Nutrit 114:180 –190, 1984
85. Nishiya K, Takamatsu K, Yoshimoto Y,
Ikeda Y, Ito H, Hashimoto K: Increased
urinary iron excretion rate in patients
with non-insulin dependent diabetes
mellitus. Rinsho Byori 44:1201–1202,
1996
86. Borgna-Pignatti C, Cappellini MD, De
Stefano P, Del Vecchio GC, Forni GL,
Gamberini MR, Ghilardi R, Piga A, Romeo MA, Zhao H, Cnaan A: Cardiac
morbidity and mortality in deferoxamine- or deferiprone-treated patients
with thalassemia major. Blood 107:
3733–3737, 2006
87. Fabio G, Minonzio F, Delbini P, Bianchi
A, Cappellini MD: Reversal of cardiac
complications by deferiprone and deferoxamine combination therapy in a patient affected by severe type of juvenile
hemochromatosis (JH). Blood 109:362–
364, 2007
88. Ascherio A, Willett WC, Rimm EB, Giovannucci EL, Stampfer MJ: Dietary iron
intake and risk of coronary disease
among men. Circulation 89:969 –974,
1994
89. Lee DH, Folsom AR, Jacobs DRJ: Iron,
zinc, and alcohol consumption and mortality from cardiovascular diseases: the
Iowa Women’s Health Study. Am J Clin
Nutr 81:787–791, 2005
90. van der ADL, Peeters PH, Grobbee DE,
Marx JJ, van der Schouw YT: Dietary
haem iron and coronary heart disease
in women. Eur Heart J 26:257–262,
2005
91. Ramakrishnan U, Kuklina E, Stein AD:

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Iron stores and cardiovascular disease
risk factors in women of reproductive
age in the United States. Am J Clin Nutr
76:1256 –1260, 2002
Tuomainen T-P, Punnonen K, Nyyssönen K, Salonen JT: Association between body iron stores and the risk of
acute myocardial infarction in men. Circulation 97:1461–1466, 1998
Kiechl S, Willeit J, Egger G, Poewe W,
Oberhollenzer F: Body iron stores and
the risk of carotid atherosclerosis: prospective results from the Bruneck study.
Circulation 96:3300 –3307, 1997
Danesh J, Appleby P: Coronary heart
disease and iron status: meta-analyses of
prospective studies. Circulation 99:852–
854, 1999
Derstine JL, Murray-Kolb LE, Yu-Poth S,
Hargrove RL, Kris-Etherton PM, Beard
JL: Iron status in association with cardiovascular disease risk in 3 controlled
feeding studies. Am J Clin Nutr 77:56 –
62, 2003
Baer DM, Tekawa IS, Hurley LB: Iron
stores are not associated with acute myocardial infarction. Circulation 89:2915–
2918, 1994
Corti MC, Guralnik JM, Salive ME, Ferrucci L, Pahor M, Wallace RB, Hennekens CH: Serum iron level, coronary
artery disease, and all-cause mortality in
older men and women. Am J Cardiol 79:
120 –127, 1997
Knuiman MW, Divitini ML, Olynyk JK,
Cullen DJ, Bartholomew HC: Serum ferritin and cardiovascular disease: a 17year follow-up study in Busselton,
Western Australia. Am J Epidemiol 158:
144 –149, 2003
Sempos CT, Looker AC, Gillum RE, McGee DL, Vuong CV, Johnson CL: Serum
ferritin and death from all causes and
cardiovascular disease: the NHANES II
Mortality Study. Ann Epidemiol 10:441–
448, 2000
Gosriwatana I, Loreal O, Lu S, Brissot P,
Porter J, Hider RC: Quantification of
non-transferrin-bound iron in the presence of unsaturated transferrin. Anal Biochem 273:212–220, 1999
Kartikasari AE, Georgiou NA, Visseren
FL, van Kats-Renaud H, van Asbeck
BS, Marx JJ: Intracellular labile iron
modulates adhesion of human monocytes to human endothelial cells. Arterioscler Thromb Vasc Biol 24:2257–
2262, 2004
Koo SW, Casper KA, Otto KB, Gira AK,
Swerlick RA: Iron chelators inhibit
VCAM-1 expression in human dermal
microvascular endothelial cells. J Invest
Dermatol 120:871– 879, 2003
Zhang WJ, Frei B: Intracellular metal ion
chelators inhibit TNFalpha-induced
SP-1 activation and adhesion molecule
expression in human aortic endothelial
cells. Free Radic Biol Med 34:674 – 682,

DIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007

Downloaded from http://diabetesjournals.org/care/article-pdf/30/7/1926/597741/zdc00707001926.pdf by guest on 17 August 2022

68.

B, Gleason RE, Soeldner JS, Bunn HF:
Clinical consequences of acquired transfusional iron overload in adults. N Engl
J Med 304:319 –324, 1981
Dmochowski K, Finegood DT, Francombe W, Tyler B, Zinman B: Factors
determining glucose tolerance in patients with thalassemia major. J Clin Endocrinol Metab 77:478 – 483, 1993
Ascherio A, Rimm EB, Giovannucci EL,
Willett WC, Stampfer MJ: Blood donations and risk of coronary heart disease
in men. Circulation 103:52–57, 2001
Facchini FS, Saylor KL: A low-ironavailable, polyphenol-enriched, carbohydrate-restricted diet to slow progression of diabetic nephropathy. Diabetes 52:1204 –1209, 2003
Lao TT, Ho LF: Impact of iron deficiency
anemia on prevalence of gestational diabetes mellitus. Diabetes Care 27:650 –
656, 2004
Qian M, Liu M, Eaton JW: Transition
metals bind to glycated proteins forming
redox active “glycochelates:” implications for the pathogenesis of certain diabetic complications. Biochem Biophys Res
Comm 250:385–389, 1998
Sullivan JL: Iron and the sex difference
in heart disease risk. Lancet 1:1293–
1294, 1981
Redmon JB, Pyzdrowski KL, Robertson
RP: No effect of deferoxamine therapy
on glucose homeostasis and insulin secretion in individuals with NIDDM and
elevated serum ferritin. Diabetes 42:
544 –549, 1993
Young IS, Tate S, Lightbody JH, McMaster D, Trimble ER: The effect of ascorbate
and desferrioxamine treatment on oxidative stress in the streptozotocin diabetic rat. Free Radic Biol Med 18:833–
840, 1995
Nankivell BJ, Chen J, Boadle RA, Harris
DCH: The role of tubular iron accumulation in the remnant kidney. J Am Soc
Nephrol 4:1598 –1607, 1994
Harris DC, Tay C, Nankivell BJ: Lysosomal iron accumulation and tubular damage in rat puromycin nephrosis and
ageing. Clin Exp Pharmacol Physiol 21:
73– 81, 1994
Nankivell BJ, Boadle RA, Harris DCH:
Iron accumulation in human chronic renal disease. Am J Kid Dis 20:580 –584,
1992
Alfrey AC, Froment DH, Hammond WS:
Role of iron in the tubulo-interstitial injury in nephrotoxic serum nephritis.
Kidney Int 36:753–759, 1989
Nath KA, Fischereder M, Hostetter TH:
The role of oxidants in progressive renal
injury. Kidney Int 45:S111–S115, 1994
Remuzzi A, Puntorieri S, Brugnetti B,
Bertani T, Remuzzi G: Renoprotective effect of low iron diet and its consequence
on glomerular hemodynamics. Kidney
Int 39:647– 652, 1991

Swaminathan and Associates

DIABETES CARE, VOLUME 30, NUMBER 7, JULY 2007

108. Fernandez-Real JM, Penarroja G, Castro
A, Garcia-Bragado F, Lopez-Bermejo A,
Ricart W: Blood letting in high-ferritin
type 2 diabetes: effects on vascular reactivity. Diabetes Care 25:2249 –2255, 2002
109. Salonen JT, Tuomainen TP, Salonen R,
Lakka TA, Nyyssonen K: Donation of
blood is associated with reduced risk
of myocardial infarction: the Kuopio
Ischaemic Heart Disease Risk Factor
Study. Am J Epidemiol 148:445– 451,
1998
110. van der A DL, Marx JJ, Grobbee DE, Kamphuis MH, Georgiou NA, van KatsRenaud JH, Breuer W, Cabantchik ZI,
Roest M, Voorbij HA, van der SYT: Nontransferrin-bound iron and risk of coronary heart disease in postmenopausal
women. Circulation 113:1942–1949,
2006
111. Cavill I: Intravenous iron as adjuvant
therapy: a two-edged sword? Nephrol
Dial Transplant 18 (Suppl. 8):viii24 –
viii28, 2003

112. MacCarthy PA, Grieve DJ, Li J-M, Dunster
C, Kelly FJ, Shah AM: Impaired endothelial regulation of ventricular relaxation in
cardiac hypertrophy: role of reactive oxygen species and NADPH oxidase. Circulation 104:2967–2974, 2001
113. Coppey LJ, Gellett JS, Davidson EP,
Dunlap JA, Lund DD, Yorek MA: Effect
of antioxidant treatment of streptozotocin-induced diabetic rats on endoneurial
blood flow, motor nerve conduction velocity, and vascular reactivity of epineurial arterioles of the sciatic nerve. Diabetes
50:1927–1937, 2001
114. Cameron NE, Cotter MA: Neurovascular
dysfunction in diabetic rats. potential
contribution of autoxidation and free
radicals examined using transition metal
chelating agents. J Clin Invest 96:1159 –
1163, 1995
115. Rund D, Rachmilewitz E: Beta-thalessemia. N Engl J Med 353:1135–1146,
2005

1933

Downloaded from http://diabetesjournals.org/care/article-pdf/30/7/1926/597741/zdc00707001926.pdf by guest on 17 August 2022

2003
104. Agarwal R, Vasavada N, Sachs NG,
Chase S: Oxidative stress and renal injury with intravenous iron in patients
with chronic kidney disease. Kidney Int
65:2279 –2289, 2004
105. Day SM, Duquaine D, Mundada LV, Menon RG, Khan BV, Rajagopalan S, Fay
WP: Chronic iron administration increases vascular oxidative stress and accelerates arterial thrombosis. Circulation
107:2601–2606, 2003
106. Drueke T, Witko-Sarsat V, Massy Z, Descamps-Latscha B, Guerin AP, Marchais
SJ, Gausson V, London GM: Iron therapy, advanced oxidation protein products, and carotid artery intima-media
thickness in end-stage renal disease. Circulation 106:2212–2217, 2002
107. Zheng H, Huang X, Zhang Q, Katz SD:
Iron sucrose augments homocysteineinduced endothelial dysfunction in
normal subjects. Kidney Int 69:679 –
684, 2006

