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The anemia of inflammation, commonly observed in patients with chronic infections, malignancy, trauma, and
inflammatory disorders, is a well-known clinical entity. Until recently, we understood little about its pathogenesis. It now
appears that the inflammatory cytokine IL-6 induces production of hepcidin, an iron-regulatory hormone that may be
responsible for most or all of the features of this disorder.
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From all studies so far we are still left with
the fundamental question: Do non-SMCs
from the adventitia, host vessel, or bone
marrow transdifferentiate to become bona
fide SMCs? It is possible that these cells are
expressing only a few SMC differentiation
markers and/or still expressing non-SMC
genes. Finally, and most importantly, we
ask, are the results in these animal models
relevant to the development of atheroscle-
rosis in humans? Can these same cells be
identified in humans by Sca-1 antigen?
The novel and exciting studies by Hu et al.
in this issue of the JCI implicate potential
contributions by a putative adventitial pro-
genitor cell population in TA and might
open yet another chapter in the long quest
to define origins of cells in intimal lesions
and their mechanistic contributions to the
pathogenesis of atherosclerosis.
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The anemia of inflammation, commonly observed in patients with
chronic infections, malignancy, trauma, and inflammatory disorders, is
a well-known clinical entity. Until recently, we understood little about
its pathogenesis. It now appears that the inflammatory cytokine IL-6
induces production of hepcidin, an iron-regulatory hormone that may be
responsible for most or all of the features of this disorder (see the related

article beginning on page 1271).

In 1932, Locke et al. made the important
observation that infection was associated
with hypoferremia (low serum iron), pro-
viding a partial explanation for the com-
mon finding of anemia in patients with
chronic infections (1). Cartwright and
Wintrobe went on to show that the ane-
mia associated with infection was indis-
tinguishable from the anemia of inflam-
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mation, and established that hypoferremia
resulted from reticuloendothelial seques-
tration of iron and interruption of intesti-
nal iron absorption (2, 3). Cartwright and
Lee recognized that similar findings could
be induced in mice by exposure to bacte-
rial endotoxin (4). Others correlated the
anemia of inflammation with elaboration
of inflammatory cytokines, and ascribed
changes in iron metabolism to the effects
of these cytokines (5). Cytokines have been
shown to modulate the expression of iron
transport and storage proteins (6), but it
was not clear that these changes accounted
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for the abnormalities of iron homeostasis
observed in the anemia of inflammation.

The roles of hepcidin and IL-6
Over the past two years, a variety of experi-
ments have converged to establish a role
for hepcidin, a liver-derived peptide regula-
tor of iron homeostasis, as a key mediator
of hypoferremia in inflammation (7-9). In
an elegant report in this issue of the JCI,
Nemeth, Rivera, and colleagues have eluci-
dated an important link between inflamma-
tory cytokines and hepcidin (10). Using both
mice and humans as experimental models,
they have shown that IL-6 acts directly on
hepatocytes to stimulate hepcidin produc-
tion. Hepcidin, in turn, acts as a negative
regulator of intestinal iron absorption and
macrophage iron release.

In previous work Nemeth, Rivera, and
colleagues showed that IL-6 induced
hepcidin expression in hepatic cells (9).
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Here, they have replicated this effect using
conditioned medium from endotoxin-
treated macrophages and shown that a
neutralizing antibody against IL-6 blocked
hepcidin induction (10). Other inflamma-
tory cytokines did not stimulate hepcidin
production; in fact, TNF-a inhibited it.

Cytokines have all sorts of effects on cul-
tured cells, and it was important to show
that IL-6 induction of hepcidin occurred
in vivo and triggered hypoferremia, as pre-
dicted. First, Nemeth, Rivera, et al. used
turpentine injection to cause inflammato-
ry abscesses in wild-type and IL-6 knockout
mice and analyzed the responses (10). Wild-
type mice had increased hepcidin expres-
sion and a substantial decrease in serum
iron levels. In contrast, IL-6 knockout mice
had no increase in hepcidin expression and
no decrease in serum iron. A complemen-
tary experiment carried out in human vol-
unteers showed that IL-6 infusion stimu-
lated urinary hepcidin excretion within 2
hours and induced hypoferremia. Taken
together, these data provide strong sup-
port for the conclusions that IL-6 is a pri-
mary inducer of hepcidin expression and
that increased hepcidin expression results
in hypoferremia (Figure 1). This is gratify-
ingly consistent with clinical observations
that hypoferremia occurs very quickly after
the onset of inflammation.

Earlier studies had shown that rodents
with induced iron overload also had
increased hepcidin expression (11, 12),
presumably to try to compensate for iron
excess. However, the signal to increase
hepcidin expression was unknown. Here,
Nemeth, Rivera, and colleagues have
shown that IL-6 is not involved in the
regulation of hepcidin in response to iron
(10). Furthermore, their data suggest that
hepcidin levels are not simply responding
to increased iron stores. In human volun-
teers, urinary hepcidin levels were boosted
soon after a single dose of oral iron, which
should have no significant effect on iron
stores. Perhaps the serum iron level, known
to increase transiently after iron inges-
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tion, might itself be the signal to induce
hepcidin expression. Alternatively, the sig-
nal might relate to the degree of iron satu-
ration of serum transferrin.

However, if transferrin iron saturation
modulates hepcidin expression, other sig-
nals can clearly override its effects. The
IL-6-mediated inflammatory induction of
hepcidin does not appear to be offset by the
hypoferremia it causes, at least in the short
term. And mice with thalassemia interme-
dia (which presumably have elevated serum
iron) have decreased hepcidin expression
(13), as occurs in other mouse models with
increased erythroid iron demand (7, 8).

In my opinion, this report from Nemeth,
Rivera, et al. (10) leaves little room for
doubt about the importance of hepcidin
in the pathogenesis of anemia of inflam-
mation. This was challenged by a recent
report that concluded that elevated serum
hepcidin levels were not useful in the diag-
nosis of the anemia of inflammation (14).
However, that study did not provide data
to support the authors’ contention that
they had developed a sensitive, specific
test for serum hepcidin. Furthermore, as
they also pointed out, it was not clear that
serum measurements were as useful as uri-
nary hepcidin measurements. Hepcidin
gene expression seems to be exquisitely
sensitive to regulation, and the circulating
peptide is small enough to be quantitative-
ly filtered by the kidneys. Urine samples
probably provide a better indication of
recent hepcidin expression than individual
serum samples.

A possible treatment?

If inflammatory induction of hepcidin
causes hypoferremia, it is logical to pre-
dict that inhibition of hepcidin expression
or activity would ameliorate the anemia
of inflammation. Would that be advanta-
geous? Perhaps, particularly in noninfec-
tious inflammatory disorders. We know
that patients (15) and mice (16) lacking
hepcidin have increased intestinal iron
absorption and increased serum iron, but
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Figure 1

Regulation of hepcidin production in inflam-
mation. Inflammation leads to macrophage
elaboration of IL-6, which acts on hepatocytes
to induce hepcidin production. Hepcidin inhib-
its macrophage iron release and intestinal iron
absorption, leading to hypoferremia.

this is unlikely to be harmful in the short
term. However, there may be more cause for
concern in patients with infections or malig-
nancy. Decreased serum iron is believed to
contribute to host defense against invad-
ing pathogens and tumor cells (17), and
hepcidin itself has antimicrobial properties
of uncertain importance (18). If hepcidin
antagonists become available, careful clini-
cal trials will be required to define appropri-
ate indications for their use.
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Hold the antioxidants and improve plasma lipids?
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Intrahepatic proteolysis is a major determinant of secretion of ApoB-con-
taining lipoproteins into plasma. Stimulation of post-ER presecretory
proteolysis (PERPP) of ApoB by n-3 polyunsaturated fatty acids has been
found to resultin reduced secretion of VLDL particles by hepatocytes. A new
study has shown that this stimulation is promoted by pro-oxidant condi-
tions that result in increased hepatic lipid hydroperoxide content (see the
related article beginning on page 1277). Conversely, PERPP is suppressed by
antioxidants and by saturated fatty acids, which are not susceptible to lipid
peroxidation. Hence reduction of oxidative stress may have the unexpected
side effect of increasing plasma lipid levels.

Dietary fats with differing fatty acid com-
position can influence plasma lipid levels
by modulating hepatic production and
clearance of lipoproteins (1), as well as by
altering activity of cholesteryl ester transfer
protein (2). Suppression and stimulation
of hepatic LDL receptor activity are major
determinants, respectively, of the effects of
saturated and polyunsaturated fatty acids
on plasma LDL clearance (1), but the mech-
anisms for effects of specific fatty acids on
hepatic lipoprotein production are less well
understood. This is in large part due to the
multiple influences of fatty acids on pro-
cesses that regulate hepatic lipid produc-
tion and storage, and processing of ApoB
in conjunction with lipoprotein synthesis
and secretion (3).

Fatty acids are critically involved in
hepatic lipoprotein production pathways
that help maintain hepatic cholesterol
homeostasis and the ability to respond
to energy and other metabolic needs. Tri-
glycerides influence a critical early step in
secretion of ApoB-containing lipoproteins,
namely the cotranslational binding of lip-
ids to ApoB in the ER mediated by micro-

Nonstandard abbreviations used: ER-associated deg-
radation (ERAD); microsomal triglyceride transfer pro-
tein (MTP); post-ER presecretory proteolysis (PERPP);
thiobarbituric acid-reactive substance (TBARS).
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somal triglyceride transfer protein (MTP).
The resulting protection of specific ApoB
domains from proteolysis, termed ER-asso-
ciated degradation (ERAD), leads either to
secretion of a relatively lipid-depleted par-
ticle or to further, posttranslational lipida-
tion (3) (Figure 1). The latter may occur in
a graded manner in the ER, the vesicular
tubular complex, and/or the Golgi appa-
ratus, or by fusion with a preformed lipid
droplet in the ER by a process that is not
dependent on MTP.

Post-ER presecretory proteolysis and
hepatic lipid hydroperoxide content

Recently, Fisher et al. have identified
another degradative process that can mod-
ulate hepatic secretion of more mature
ApoB-containing lipoproteins (4). They
have found that inhibition of hepatic
ApoB secretion by n-3 polyunsaturated
fatty acids occurs via activation of this
process, which has been designated post-
ER presecretory proteolysis (PERPP) (4).
In this issue of the JCI, Pan, Fisher, and
colleagues have now shown, using several
lines of evidence, that this effect is medi-
ated by fatty acid peroxidation, and that it
also occurs with n-6 polyunsaturated facty
acids (5). Moreover, the finding that ApoB
degradation is stimulated by pro-oxidant
conditions and inhibited by antioxidants
raises the question of whether variation in
intrahepatic oxidative stress contributes to
physiologic and/or pathologic modulation
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of ApoB-containing lipoprotein metabo-
lism. There is indeed abundant evidence
that consumption of supplements of lon-
ger-chain n-3 marine-derived polyunsatu-
rated fatty acids (eicosapentaenoic and
docosahexanoic acids) can lower plasma
triglyceride and VLDL levels in humans
(6). Recently, it has been shown that popu-
lation variation in dietary intake of a plant-
derived n-3 polyunsaturated fatty acid,
linolenic acid, is significantly associated
with plasma triglyceride levels, indepen-
dent of other nutrients, including longer-
chain n-3 polyunsaturated fatty acids (7).
As Pan et al. point out, however, in their
study linolenic acid suppressed ApoB secre-
tion from rat hepatoma cells to a greater
extent than could be accounted for by the
relation of secretion to intrahepatic lipid
hydroperoxide content as assessed by levels
of thiobarbituric acid-reactive substances
(TBARSS) (5). It should be noted, howev-
er, that TBARSs do not represent the full
spectrum of products of lipid peroxidation,
such as F2-isoprostanes. Moreover, despite
the capacity for peroxidation of both n-3
and n-6 polyunsaturated fatty acids, the
latter have minimal and generally non-
significant effects on plasma triglyceride
levels in humans (8). Hence increased lipid
peroxidation of n-3 fatty acids does not
fully explain the effects of these fatty acids
on hepatic ApoB-containing lipoprotein
secretion. Other effects, such as reduced
lipid synthesis, may also play a role.

Oxidative stress and modulation

of pathways for hepatic

lipoprotein secretion

The direct relation of the number of
unsaturated bonds to lipid peroxidation
is consistent with the lack of a suppressive
effect of saturated fatty acids on plasma
triglyceride levels. In contrast, a saturated
fatty acid, myristic acid, was found to
stimulate secretion of ApoB-containing
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