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Cross-Talk Between Iron Metabolism and Diabetes
José Manuel Fernández-Real, Abel López-Bermejo, and Wifredo Ricart

Emerging scientific evidence has disclosed unsuspected
influences between iron metabolism and type 2 diabe-
tes. The relationship is bi-directional—iron affects glu-
cose metabolism, and glucose metabolism impinges on
several iron metabolic pathways. Oxidative stress and
inflammatory cytokines influence these relationships,
amplifying and potentiating the initiated events. The
clinical impact of these interactions depends on both
the genetic predisposition and the time frame in which
this network of closely related signals acts. In recent
years, increased iron stores have been found to predict
the development of type 2 diabetes while iron depletion
was protective. Iron-induced damage might also modu-
late the development of chronic diabetes complications.
Iron depletion has been demonstrated to be beneficial
in coronary artery responses, endothelial dysfunction,
insulin secretion, insulin action, and metabolic control
in type 2 diabetes. Here, we show that iron modulates
insulin action in healthy individuals and in patients with
type 2 diabetes. The extent of this influence should be
tested in large-scale clinical trials, searching for the
usefulness and cost-effectiveness of therapeutic mea-
sures that decrease iron toxicity. The study of individ-
ual susceptibility and of the mechanisms that influence
tissue iron deposition and damage are proposed to be
valuable in anticipating and treating diabetes complica-
tions. Diabetes 51:2348–2354, 2002

I
t is increasingly recognized that iron influences
glucose metabolism, even in the absence of signifi-
cant iron overload. In the general population, body
iron stores are positively associated with the devel-

opment of glucose intolerance, type 2 diabetes (1–7), and
gestational diabetes (8,9). Among U.S. adults, men with
newly diagnosed diabetes had an odds ratio (OR) of 4.94
(95% confidence interval [CI] 3.05–8.01) and women had
an OR of 3.61 (2.01–6.48) of having elevated ferritin
concentrations (6). These figures are especially remark-
able when considering the increased prevalence of ele-
vated iron stores in the healthy, free-living U.S. elderly
population (28% of men and 12.2% of women showed high
iron stores in a recent study) (10).

Frequent blood donations, leading to decreased iron
stores, have been demonstrated to reduce postprandial
hyperinsulinemia in healthy volunteers (11), to improve
insulin sensitivity (12), and to constitute a protective
factor for the development of type 2 diabetes (13). Phle-
botomy was followed by decreases in serum glucose,
cholesterol, triglycerides and apoprotein B (14), and by
improvement in both �-cell secretion and peripheral insu-
lin action in patients with type 2 diabetes (15). A signifi-
cant impact of tissue iron excess on systemic effects of
diabetes is suggested by recent reports in which iron
appears to influence the development of diabetic nephrop-
athy and vascular dysfunction. In this sense, intravenous
administration of deferoxamine resulted in improved cor-
onary artery responses to cold stress testing in type 2
diabetic subjects (16) and in amelioration of endothelial
dysfunction in subjects with coronary heart disease (17).

All these observations suggest that iron is more inti-
mately linked to human pathophysiology than previously
thought. In fact, iron metabolism is closely associated with
the clinical presentation of numerous systemic diseases
(18). Tissue iron excess contributes to produce and am-
plify the injury caused by free radicals as well as to
modulate various steps involved in the inflammatory le-
sion.

In this article, we summarize the relationships between
iron, insulin resistance, and type 2 diabetes and discuss
the therapeutical and clinical implications of reducing
body iron.
Iron stores are associated with insulin sensitivity,

insulin secretion, and type 2 diabetes

Iron and insulin sensitivity. Iron stores, expressed as
serum ferritin concentration, have been proposed to be a
component of the insulin-resistance syndrome. Indeed, the
concentration of circulating ferritin was significantly asso-
ciated with centrally distributed body fatness as well as
with several other measurements of obesity (19). In the
apparently healthy general population, serum levels of
ferritin were also positively correlated with baseline se-
rum glucose and with the area under the curve for glucose
during the glucose oral tolerance test (20,21). In gesta-
tional diabetes, both BMI and serum ferritin levels were
found to be independent predictors of 2-h glucose during
an oral glucose tolerance test (8,9). Ferritin levels also
correlated with diastolic arterial blood pressure, even
after adjustment for BMI. Of note is the beneficial effect of
blood letting, a means of reducing iron stores, in the
treatment of resistant hypertension (22) and in posttrans-
plant hypertension associated with erythrocytosis (23).
Serum ferritin concentration was also directly associated
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with uric acid (another component of the insulin resis-
tance syndrome) and inversely related with HDL choles-
terol and the HDL2-to-HDL3 ratio (21).

Insulin resistance itself, assessed by either the euglyce-
mic clamp (24) or the minimal model (25,26), was found to
be associated with total body iron stores, even in the
presence of normal glucose tolerance. Dmochowski et al.
(25) reported that serum concentrations of ferritin were
negatively correlated with insulin sensitivity (r � �0.58)
in subjects with hemosiderosis. Cavallo-Perin et al. (26)
reported that insulin sensitivity, which correlated closely
with iron overload (r � �0.70), was reduced by 40% in
thalassemia patients. Insulin resistance also appeared to
be closely linked to total body iron stores in the general
population (21). Serum ferritin levels could be a useful
marker of insulin resistance beyond a given threshold
(20,21). In the study by Toumainen et al. (20), the increase
in serum insulin concentrations was clearly apparent in
the upper two quintiles of ferritin levels. In a different
study, the correlation between circulating ferritin and
insulin resistance was only observed in the upper two
quartiles of ferritin levels (21). Below this threshold, the
potential tissue effects of siderosis would be negligible.

Some comments on the specifity of serum ferritin as an
indicator of iron stores seem necessary. The relationship
between serum ferritin and histochemical assessment of
stainable tissue iron contributes to define threshold values
for serum ferritin, indicating exhausted, small, normal,
ample, and increased iron stores. However, the barrier
between “normal” and “small” or “ample” iron stores is not
well defined and remains controversial. Approximately
10% of type 2 diabetic patients with high ferritin levels had
transferrin saturations greater than normal (40%). On the
other hand, serum ferritin should be cautiously evaluated
in patients with type 2 diabetes, because it may falsely
indicate “normal iron stores.” It should not be ignored that
chronic inflammation could contribute, to some extent, to
increased ferritin concentration (see below).
Iron and �-cell function. Recent in vitro studies have
shown that H-ferritin mRNA is four- to eightfold higher in
rat islets treated with 20 mmol/l glucose than in islets
treated with 1 mmol/l glucose (27). The potential reason
for the increased ferritin in the �-cell is that ferritin
exhibits antioxidant properties and the �-cell is particu-
larly sensitive to oxygen radicals. This high amount of
ferritin can explain why iron is preferentially retained in
the �-cell. In fact, iron deposition in islets, albeit variable,
is restricted to �-cells (28).

An increase in �-cell mass was demonstrated in a small
number of nondiabetic or mildly diabetic patients with
iron overload (28). In agreement with this increase in
�-cell mass, raised basal and stimulated C-peptide secre-
tion were observed in type 2 diabetic patients with in-
creased serum ferritin concentration. Furthermore,
significantly lowered C-peptide secretion was found after
phlebotomy-induced iron depletion, suggesting increased
�-cell insulin sensitivity (15).
Iron overload and type 2 diabetes. Five additional
pieces of scientific evidence favor the hypothesis that iron
plays a role in type 2 diabetes. First, increased prevalence
of hemochromatosis was found among unselected patients
with type 2 diabetes. Phelps et al. (29) and Conte et al. (30)

reported that diabetes confers increased risk for heredi-
tary hemochromatosis, which was 2.4% and 1.34% higher
in Australian and Italian populations, respectively.

This evidence, however, is not always consistent. The
recent characterization of HFE has allowed a more direct
study of the prevalence of its mutations in type 2 diabetes.
Homozygosity for the C282Y change is generally associ-
ated with clinically evident hereditary hemochromatosis
(83% of hemochromatosis patients are YY homozygotes).
Compound heterozygotes for H63D mutation (C282Y/
H63D) succumb to the disease, although with reduced
penetrance. An increased frequency of C282Y mutations in
subjects with type 2 diabetes has been described in some
studies (31–32). Notwithstanding, at least four additional
studies reported no significant differences in the preva-
lence of C282Y mutations between patients with type 2
diabetes and control subjects of Caucasian origin (33–36).
In the Spanish population, the frequency of the H63D
mutation was significantly higher in type 2 diabetic sub-
jects (36). The H63D mutation is also associated with other
nonclassical conditions of iron overload. On the other
hand, it is interesting to mention that genetic hemochro-
matosis contributed to 1% of late-onset type 1 diabetes
(37).

Second, frequent blood donations, leading to decreasing
iron stores, have been demonstrated to constitute a pro-
tective factor for the development of diabetes (13). This
finding is especially important given the high prevalence of
increased iron stores in the general population of western
countries (10) and the observation that increased iron
stores appear to predict an increased incidence of type 2
diabetes (5). In experimental models, the incidence of
diabetes was reduced from 78 to 22% at 120 days of age
after serial blood withdrawals in the BB rat (38).

Third, a recent randomized study also suggests that iron
stores may influence insulin action in type 2 diabetes (15).
In this report, 28 type 2 diabetic patients with increased
serum ferritin concentration and negative for C282Y mu-
tation of hereditary hemochromatosis were randomized to
blood letting (three 500 ml phlebotomies at 2-week inter-
vals) or to observation. Insulin secretion and sensitivity
were tested at baseline and at 4 and 12 months thereafter.
The two groups were matched for age, BMI, pharmacolog-
ical treatment, and chronic diabetes complications (15).
Baseline glycated hemoglobin and insulin sensitivity were
not significantly different between the two groups. A
statistically significant increase in insulin sensitivity was
observed in the blood-letting group (from 2.30 � 1.81 to
3.08 � 2.55 mg � dl–1 � min–1 at 4 months to 3.16 � 1.85 mg
� dl–1 � min–1 at 12 months, P � 0.045) in contrast to
patients subjected to observation in whom insulin sensi-
tivity did not significantly change (from 3.24 � 1.9 to
3.26 � 2.05 mg � dl–1 � min–1 at 4 months to 2.31 � 1.35 mg
� dl–1 � min–1 at 12 months). Accordingly, blood HbA1c
decreased significantly only in the blood-letting group at 4
months (mean differences �0.61, 95% CI �0.17 to �1.048,
P � 0.01).

Fourth, a novel syndrome of hepatic iron overload has
been described that associates hyperferritinemia with
normal transferrin saturation and is not linked to the
HLA-A3 antigen, a common marker for hereditary hemo-
chromatosis (39). This condition is known as insulin
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resistance–associated hepatic iron overload (IR-HIO) and
combines abnormalities in iron metabolism (isolated hy-
perferritinemia with normal transferrin saturation), steato-
hepatitis, and the insulin resistance syndrome (obesity,
hyperlipidemia, abnormal glucose metabolism, and hyper-
tension) (39–41). In IR-HIO, iron overload occurs in both
hepatocytes and sinusoid cells, being higher in the latter
cells in 45% of cases, a finding seen in only 3% of subjects
with hemochromatosis (42). Approximately two-thirds of
these patients develop steatosis, whereas the remaining
third show isolated signs of inflammation (42). Thus, these
patients are at high risk for developing liver fibrosis, a
complication observed in 60% of all cases, even in the
presence of moderate iron overload. In contrast, liver
fibrosis affects only 33% of patients with hemocromatosis.
Because patients with IR-HIO are prone to experience
significant tissue damage and because this can be pre-
vented with simple and inexpensive therapies (i.e., phle-
botomy), higher awareness in order to diagnose the
disease has been suggested.

It cannot be ruled out, however, that IR-HIO is the same
process of iron overload–related insulin resistance that
associates liver steatosis and fibrosis in susceptible pa-
tients. It is important to recognize that in one study, liver
iron stores were found within the normal range in patients
with type 2 diabetes (43) in contrast to other studies
(29,30). Under this assumption, IR-HIO would be at one
end of the spectrum of iron overload–related insulin
resistance.

Fifth, insulin resistance features are frequently seen in
patients chronically infected with the hepatitis C virus. In
these subjects, BMI, elderliness, iron stores, and family
history of diabetes and advanced liver fibrosis were found
to predict the development of diabetes (44).
Interacting pathways linking glucose

and iron metabolism

A. Insulin influences iron metabolism. Insulin is an
anabolic hormone that stimulates the cellular uptake of
many nutrients, including hexoses, amino acids, cations
and anions. Intestinal absorption of nonheme iron is
tightly regulated in keeping with the body requirements,
and absorption of iron is minimal when body iron stores
are normal. Absorption of heme iron (largely provided by
red meat in western countries) does not appear to be
dependent on body iron content. In the steady state,
circulating iron is bound to transferrin and is taken up
from the blood by a high-affinity specific transferrin recep-
tor. The transferrin-receptor complex is internalized by
endocytosis and released into a nonacidic cellular com-
partment, where it can be used in the synthesis of essential
cellular components. Insulin is known to cause a rapid and
marked stimulation of iron uptake by fat cells, redistrib-
uting transferrin receptors from an intracellular mem-
brane compartment to the cell surface (45). Insulin is also
responsible for the increased ferritin synthesis in cultured
rat glioma cells (46). Importantly, transferrin receptors
have been shown to colocalize with insulin-responsive
glucose transporters and insulin-like growth factor II
receptors in the microsomal membranes of cultured ady-
pocytes, suggesting that regulation of iron uptake by
insulin occurs in parallel with its effects on glucose
transport (47).

B. Iron influences glucose metabolism. Reciprocally,
iron influences insulin action. Iron interferes with insulin
inhibition of glucose production by the liver. Hepatic
extraction and metabolism of insulin is reduced with
increasing iron stores, leading to peripheral hyperinsulin-
emia (48). In fact, the initial and most common abnormal-
ity seen in iron overload conditions is liver insulin
resistance (49). There is some evidence that iron overload
also affects skeletal muscle (50), the main effector of
insulin action.
C. Oxidative stress influences both glucose and iron

metabolism. Oxidative stress induces both insulin resis-
tance [by decreasing internalization of insulin (51)] and
increased ferritin synthesis.

Iron is intimately linked to oxidative stress. Iron partic-
ipates, through the Fenton reaction, in the formation of
highly toxic free radicals, such as hydroxide and the
superoxide anion, which are capable of inducing lipid
peroxidation. For iron to act as a prooxidant agent, it must
be in its free form. Iron can be released from ferritin by the
action of reducing agents that convert Fe3� into Fe2� (52).
Glycation of transferrin decreases its ability to bind fer-
rous iron (53) and, by increasing the pool of free iron,
stimulates ferritin synthesis. Glycated holotransferrin is
additionally known to facilitate the production of free
oxygen radicals, such as hydroxide, that further amplify
the oxidative effects of iron (53).

The fraction of nonused and highly toxic iron is stored
as ferritin molecules in order to be neutralized. Apofer-
ritin, the protein fraction of ferritin, is spatially folded to
create a central groove that holds oxidized iron molecules
[Fe3�]. Apoferritin is a high–molecular weight (450 kDa)
multimeric protein (24 subunits of heavy and light chains)
that exhibits exquisite high capacity for iron storage (4,500
mol iron per mole of ferritin). Synthesis of apoferritin is
induced at both the transcriptional and posttranscriptional
levels by the presence of free iron. The increase in Fe2�

downregulates the affinity of iron-regulatory element
(IRE) binding protein (BP) for its IRE binding site in the 5�
region of ferritin mRNA, leading to increased ferritin
translation.

The heavy chain in the apoferritin molecule exerts
ferroxidase activity, catalyzing the oxidation of Fe2� into
Fe3�, which prevents iron-induced cyclic red-ox reactions
that would spread and amplify the oxidative damage. This
activity occurs under aerobic conditions, allowing the
storage of intracellular iron. When concentrations of anti-
oxidants are low, the reducing potential and anaerobiosis
progressively increase, facilitating a rapid release of iron
from ferritin. Additionally, the ferroxidase activity in the
heavy chain is downregulated in this setting, decreasing
the incorporation of iron into ferritin. The overall result of
oxidative reactions is an increase in the availability of free
iron from the ferritin molecule as well as from other
molecules undergoing degradation, such as the heme
group. These events, in turn, can enhance and amplify the
process of generation of free radicals, causing cellular and
tissue damage. The oxidative stress also downregulates
the affinity of IRE for IRE-BP. Thus, ferritin can act both as
a source or iron, which induces oxidative stress, and as a
mechanism that protects against iron toxicity (54).

Hyperferritininemia is present in 6.6% of unselected
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patients with type 2 diabetes (55). Serum concentrations
of ferritin are usually increased in poorly controlled type 1
and type 2 diabetic subjects, and ferritin has been shown
to predict HbA1c independently of glucose (21), probably
reflecting increased oxidative stress. Short-term improve-
ment in glycemic control is followed by variable decreases
in serum ferritin concentration.
D. Cytokines influence iron and glucose metabolism.

Cytokines simultaneously cause an increase in transferrin
receptors on the cell surface, favoring tissue deposition of
iron (56) and insulin resistance (57).

In summary, a scenario can be envisioned in which the
physiological action of insulin leads to increased uptake of
different nutrients and iron. Any factor causing hyperinsu-
linemia (weight gain, aging, repeated usual-life infections,
or periodontitis) amplifies this process, determining in-
creased deposition of iron, which in the long-term worsens
insulin resistance.
Clinical and therapeutical implications

of iron depletion

A. Iron depletion and diabetic metabolic control.

There are historical notes regarding iron overload condi-
tions that can be helpful in delineating the effects of iron
depletion (58–60). Phlebotomy was first used in the treat-
ment of hemochromatosis in the 1950s. Interestingly,
diabetic metabolic control improved in 35–45% of patients
with hemochromatosis after iron depletion (58). In 1969,
Williams et al. (59) showed that diabetic patients treated
with phlebotomy required less insulin than similar patients
during the prephlebotomy period. In 1972, Dymock et al.
(60) reported a significant reduction in total daily insulin
dosage following phlebotomy.

Facchini (11) found significant reductions in insulin
concentrations 1 month after performing a 550-ml phlebot-
omy in healthy volunteers. It has also been suggested that
the increased insulin sensitivity observed in vegetarian
subjects might be related to their low-iron diet. Recently,
as stated above, blood letting of 1,500 ml has been
demonstrated to improve insulin sensitivity and to de-
crease C-peptide secretion in type 2 diabetic subjects who
were negative for common hemochromatosis mutations
but had increased serum ferritin concentration (15).

Iron chelators also seem beneficial in optimizing dia-
betic metabolic control. In 1989, Cutler (61) administered
deferoxamine to nine type 2 diabetic patients with hyper-
ferritinemia who were negative for the most common
hemochromatosis haplotypes. Major improvement in the
metabolic control was observed in seven patients, and
parallel reductions in baseline concentrations of glucose,
triglycerides, and glycated hemoglobin were observed.
Treatment with either insulin or oral hypoglycemic agents
could be discontinued in some patients (61). Subsequently,
it was reported that subcutaneous deferoxamine caused
an improvement in glycated hemoglobin in another nine
patients (62), although serum concentrations of C-peptide
after glucose or arginine infusion did not improve signifi-
cantly (62).
B. Iron depletion and chronic diabetes complica-

tions. Macrovascular disease. The general effect of
catalytic iron is to convert poorly reactive free radicals,
such as H2O2, into highly reactive ones, such as OH– and
O2. Free radicals and other oxidation by-products are well

known factors that impair the mechanisms of vasodilata-
tion (63) and cause endothelial depletion of endogenous
antioxidants, such as ascorbic acid (64). Iron chelation
blocks oxidation of LDL, and iron released from heme and
ferritin favors oxidation of this lipoprotein (65). Increased
iron availability is, theoretically, expected to contribute to
macrovascular disease because iron has an adverse effect
on endothelium (66) and accelerates the development of
atherosclerosis (67). In fact, ferritin gene expression in-
creases in the course of atherosclerotic plaque formation
(68). Notwithstanding, studies performed in experimental
models offer conflicting conclusions. For instance, an
iron-deficient diet has been found to reduce atheroscle-
rotic lesions (69), whereas iron overload led to a decrease
in atherosclerosis (70) in the same animal model. It should
be noted, however, that the possible influence of obesity,
insulin resistance, or diabetes has not been explored in
experimental iron-modified atherosclerosis. Moreover, hu-
mans are the only species in which genetic iron overload
has been described to induce significant parenchymal
damage (71).

In subjects with hemochromatosis, medium-sized arter-
ies are characterized by an eccentric hypertrophy and
decreased distensibility that are partially reversible after
iron depletion (72). These findings seem to be linked to
iron-induced fibrogenesis, determining an increased total
collagen content in arteries from these patients. There is
also some evidence for iron-dependent growth of arterial
wall tissue: iron chelation by deferoxamine inhibits vascu-
lar smooth muscle cell proliferation (73).

Long-term use of the modified iron chelator hydroxy-
ethyl starch conjugated-deferoxamine prevented endothe-
lial dysfunction associated with experimental diabetes
(74). In type 2 diabetic patients, coronary artery responses
to cold stress testing improved substantially after defer-
oxamine administration (16). Similarly, iron chelation was
shown to ameliorate the endothelial dysfunction of pa-
tients with coronary heart disease (17).

Improvement of nitroglycerine-induced vasodilatation
was also observed following phlebotomy in type 2 diabetic
patients in a preliminary study. The improvement in vas-
cular reactivity paralleled the decrease in serum trans-
ferrin saturation, total hemoglobin (markers of circulating
iron), and blood glycated hemoglobin (75). These obser-
vations suggest that diabetic vascular dysfunction seems
partially reversible and that the circulating compartment
acts as a reservoir of transition metals that directly affects
vascular function (76). Increased hemoglobin, an iron-
enriched protein, is deleterious for endothelial function, as
normal blood vessels exposed to total and glycated hemo-
globin are known to experience impaired vascular
relaxation (77).

In the general population, the relationship between iron
and atherosclerosis is, however, controversial (78). Thus,
some animal experimental data regarding the effect of
manipulating iron stores on atherosclerosis and human
data showing improvement of vascular structure and
function following iron depletion (16,17,72,75) are both
consistent with the theory that iron contributes to the
development of vascular disease. However, the current
epidemiological data associating iron stores with either
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atherosclerosis or coronary heart disease (reviewed in 78)
do not fully support this hypothesis.
Diabetic nephropathy. An early development and accel-
erated course of diabetic nephropathy has been observed
in iron-loaded patients with �-thalassemia, a condition
with recognized iron overload (79). Increased proximal
tubular lysosomal iron concentration has been observed in
patients with diabetic nephropathy (80). These observations
are pertinent to the finding that mutations for hereditary
hemochromatosis appeared to predict the development of
diabetic nephropathy (32).
Diabetic neuropathy. Deferoxamine administration re-
stored motor and sensory nerve conduction velocity and
improved nerve blood flow in experimental studies (76).
The possible extrapolation of these findings to human
diabetes has not been explored.

CONCLUSIONS

The central role of iron in biology is illustrated by the fact
that this is the fourth most abundant element in Earth’s
crust as well as the transition element most abundant in
living organisms. Iron has additionally proven to be fun-
damental in the selection imposed by evolution, given its
close relationship with oxygen. Although loses of this
metal are only a tenth of those found in any other given
mammal, iron regulation is maintained within very narrow
limits in humans (71).

Our biochemistry and physiology are tuned to life
conditions that existed before the advent of agriculture
some 10,000 years ago. Hunter-gatherer societies obtained
more than 56–65% of their subsistence from animal foods

(81). Meat eaters, with a typical high protein and low-
carbohydrate diet, have a significant higher plasma con-
centration of iron (82) and concomitant insulin resistance
in the liver and peripheral tissues (83). It is plausible that
the survival advantage of both iron and high protein–
induced insulin resistance in our ancestral line was that
the little available glucose from carbohydrate consump-
tion was preserved for brain function and reproductive
fetal/placental/mammary tissues (84). Nowadays, with in-
creased life expectancy, this protective mechanism has
become detrimental, with iron promoting both insulin
resistance and increased oxidative stress.

In the last decades, the impact of transition metals, in
general, and iron, in particular, on human physiology has
begun to be elucidated. Because iron is a first-line prooxi-
dant, it contributes to regulate the clinical manifestations
of numerous systemic diseases, including diabetes and
atherosclerosis. Iron regulation of the cell oxidative stress
can explain, at least in part, its close association with
abnormalities in insulin sensitivity (see Figure 1 for a
summary of iron interactions with insulin sensitivity).

The clarification of the mechanisms that regulate this
interaction are proposed to contribute to improve the
management of diabetes and to anticipate its possible
complications. Here, we show that iron modulates insulin
action in healthy individuals and in patients with type 2
diabetes. The extent of this influence should be tested in
large-scale clinical trials, searching for the usefulness and
cost-effectiveness of therapeutic measures that decrease
iron toxicity. Of paramount importance will be the defini-
tion of “normal body iron stores” and the establishment of

FIG. 1. Schematic representation of iron interactions with insulin resistance and oxidative stress. Insulin influences iron metabolism. Insulin
stimulates ferritin synthesis and facilitates iron uptake by the cell through the translocation of transferrin receptors from the intracellular
compartment to the cell surface. Conversely, iron influences glucose metabolism. Iron in a potent prooxidant that increases the cell oxidative
stress, causing inhibition of insulin internalization and actions, results in hyperinsulinemia and insulin resistance. Free iron also exerts a positive
feedback on ferritin synthesis, while oxidative stress increases the release of iron from ferritin. The increased oxidative stress and insulin
resistance cause endothelial and tissue damage. Protein glycation, as seen in diabetes, further amplifies these abnormalities stimulating iron
release from transferrin, increasing the cell oxidative stress and directly causing endothelial and tissue damage. NO, nitric oxide; TR, transferrin
receptor; (�), stimulation; (–), inhibition; dotted lines, possible trafficking or iron through the cell membrane.
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early therapeutical interventions. Simple and inexpensive
therapies, such as blood letting and iron chelators, are
emerging as alternative and effective treatments for insulin
resistance.

It will also be necessary to explore whether important
elements of iron metabolism are altered in diabetes,
namely the transporters DMT1, ferroportin, and MTP1,
which are critical in intestinal absorption and entry of iron
into the circulation, and haephastin, which oxidizes Fe2�

to Fe3� during this process (85). Interestingly, certain
genes appear to be simultaneously involved in iron bal-
ance, inflammation, and glucose responsiveness, suggest-
ing a link between these pathways and type 2 diabetes
(85).
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J.M. FERNÁNDEZ-REAL, A.L. BERMEJO, AND W. RICART

DIABETES, VOL. 51, AUGUST 2002 2353



tional regulation of ferritin messenger ribonucleic acid levels by insulin in
cultured rat glioma cells. Endocrinology 128:1474–1480, 1991

47. Tanner LI, Lienhard GE: Localization of transferrin receptors and insulin-
like growth factor II receptors in vesicles from 3T3–L1 adipocytes that
contain intracellular glucose transporters. J Cell Biol 108:1537–1545, 1989

48. Niederau C, Berger M, Stremmel W, Starke A, Strohmeyer G, Ebert R:
Hyperinsulinemia in non-cirrhotic haemochromatosis: impaired hepatic
insulin degradation? Diabetologia 26:441–444, 1984

49. Dandona P, Hussain MAM, Varghese Z, Politis D, Flynn DM, Hoffbrand AV:
Insulin resistance and iron overload. Ann Clin Biochem 20:77–79, 1983

50. Shafer AI, Cheron RG, Dluhy R, Cooper B, Gleason RE, Soeldner JS:
Clinical consequences of acquired transfusional iron overload in adults.

N Engl J Med 304:319–324, 1981
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