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T

he causes that underlie the neurodegeneration accompanying Alzheimer’s disease (AD) are unknown. Normal aging of
the brain and the pathology of the neurodegeneration caused by
AD share: the decline in complex IV (1), mitochondrial dysfunction (2), hypometabolism (3, 4), oxidative stress (5), loss of
iron homeostasis (6), and dystrophic neurons. Several mutations
causing altered proteins amyloid precursor protein (APP), PS1,
and PS2 have been identified in familial cases of AD. Aging is
a risk factor even in these familial cases, which represent a small
portion of the total cases of AD.
Heme synthesis declines with age (7). This decline could
explain the age-associated loss of iron homeostasis, because
insufficient levels of heme would compromise iron regulation
and vice versa (8). Furthermore, we demonstrated that heme
deficiency shows a selective decrease in mitochondrial complex
IV that leads to oxidative stress and corruption of Ca2⫹ homeostasis (9). Heme functions in hemoglobin and enzymes, and
it regulates the activity of proteins and gene expression through
the heme regulatory motifs (HRMs) in several proteins (10–12).
Also, a role of heme in promoting neurite outgrowth and
neurogenesis has been known for some time (13). Thus, dysfunctional heme metabolism could alter gene expression in brain
cells, perhaps even preceding altered cytochrome activity.
Heme synthetic pathway depends on essential micronutrients,
such as vitamin B6, lipoic acid, iron, copper, and zinc (8). About
10% of the U.S. population ingest ⬍50% of the recommended
daily allowance (RDA) for B6 (14); ⬇25% of menstruating
women in the U.S. ingest ⬍50% of the RDA for iron. Iron
deficiency is the most common micronutrient deficiency in the
world in menstruating women and in children (14). In addition,
heme synthesis is susceptible to exogenous lead, aluminum, and
www.pnas.org兾cgi兾doi兾10.1073兾pnas.192585799

other environmental toxins (15, 16). Ferrochelatase is inactivated when its iron-sulfur cluster disassembles because intracellular iron levels are low (17) or nitric oxide (NO) is present (18).
Iron deficiency is by far the most studied; it impairs cognitive
function in children, impacts the morphology and the physiology
of brain even before changes in hemoglobin appear (19), damages mitochondria (20), and causes oxidative stress (20). Iron
deficiency in children is associated with difficulties in performing
cognitive tasks and retardation in the development of the CNS
(21, 22). Prenatal iron deficiency causes loss of cytochrome c
oxidase (complex IV) in selected regions in the brain of rats (23)
and causes a decrease in ferrochelatase (17). Iron deficiency also
occurs in the elderly (24), but surprisingly little work has been
reported concerning heme and iron deficiency in brain dysfunction with age. The increase in the levels of iron with age could
occur as a result of the inefficient synthesis of heme, suggesting
a functional deficiency of iron in advanced age (8).
In this study we tested the hypothesis of a possible role of heme
deficiency in neuronal decay. We found that heme deficiency
changes mitochondrial complex IV, APP, NO synthase (NOS),
and zinc and iron homeostasis. Many of the phenotypic changes
seen in heme-deficient cells are also seen in the aging brain and
are even more pronounced in neurodegenerative diseases, such
as AD. In addition, brain cells that were heme-deficient failed to
differentiate or to complete a successful cell cycle, which suggests a unique function of heme that is beyond the classic
perception of heme in cell biology.
Materials and Methods
Materials. N-methylprotoporphyrin (NMP) was from Porphyrin

Products (Logan, UT). Anti-human cytochrome c oxidase subunit II mouse monoclonal antibody (12c4-f12) was from Molecular Probes; anti-human APP (preA4695) mouse monoclonal
antibody against the N terminus (MAB348 clone 22C11) was
from Chemicon; anti-neuronal NOS (NOS1) rabbit-polyclonal
antibody against the C terminus (R-20) was from Santa Cruz
Biotechnology. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, thymidine, laminin, and poly-D-lysine were
from Sigma. Cell media (DMEM), nerve growth factor, nonessential amino acids, and sodium pyruvate were from Invitrogen.
The reagents for SDS兾PAGE and Western blotting were of the
highest grade available.
Tissue Cultures. Human neuroblastoma (SHSY5Y) and astrocy-

toma (U373) were purchased from the American Type Culture
Collection and maintained as described by the supplier. In brief,
the cells were split two times every week (except SHSY5Y were
split on a weekly basis) by trypsin兾EDTA and seeded as 1:10
(U373) or 1:5 (SHSY5Y) dilutions. The cells were maintained in
DMEM兾1% non-essential amino acids兾1% sodium pyruvate at
37°C in a 5% CO2兾95% air-equilibrated incubator.
Abbreviations: NO, nitric oxide; NOS, NO synthase; NOS1, neuronal NOS; APP, amyloid
precursor protein; NMP, N-methylprotoporphyrin IX; AD, Alzheimer’s disease; HRM, heme
regulatory motif.
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Heme, a major functional form of iron in the cell, is synthesized in
the mitochondria by ferrochelatase inserting ferrous iron into
protoporphyrin IX. Heme deficiency was induced with N-methylprotoporphyrin IX, a selective inhibitor of ferrochelatase, in two
human brain cell lines, SHSY5Y (neuroblastoma) and U373 (astrocytoma), as well as in rat primary hippocampal neurons. Heme
deficiency in brain cells decreases mitochondrial complex IV, activates nitric oxide synthase, alters amyloid precursor protein, and
corrupts iron and zinc homeostasis. The metabolic consequences
resulting from heme deficiency seem similar to dysfunctional
neurons in patients with Alzheimer’s disease. Heme-deficient
SHSY5Y or U373 cells die when induced to differentiate or to
proliferate, respectively. The role of heme in these observations
could result from its interaction with heme regulatory motifs in
specific proteins or secondary to the compromised mitochondria.
Common causes of heme deficiency include aging, deficiency of
iron and vitamin B6, and exposure to toxic metals such as aluminum. Iron and B6 deficiencies are especially important because
they are widespread, but they are also preventable with supplementation. Thus, heme deficiency or dysregulation may be an
important and preventable component of the neurodegenerative
process.

Preparation of Hippocampal Neurons. Children’s Hospital’s Animal
Care and Use Committee approved the animal experimentation
performed in this study. Hippocampal primary neurons were
prepared by using 12-h-old neonatal Fischer 344 rats according
to the published protocol (25).
Inhibition of Heme Synthesis. N-methylprotoporphyrin IX (NMP)

mimics protoporphyrin IX, the substrate for ferrochelatase,
except that a methyl group is added to one of its nitrogens. NMP
binds ferrochelatase with affinity similar to protoporphyrin IX,
but the methyl group prevents iron from being inserted into
NMP (26); thus, it is a selective and specific inhibitor for
ferrochelatase (27). NMP has been used previously in several
studies to inhibit heme synthesis (9, 28). Cells treated with NMP
are still able to synthesize heme up to 40% of the controls (29)
by up-regulating ferrochelatase (9). To induce heme deficiency,
NMP was applied at concentrations and intervals as stated in
figure legends.
Immuno (Western) blotting with SDS兾10–12% polyacrylamide gel, poly(vinylidene difluoride) membranes, and specific
antibodies against the selected proteins was applied to evaluate
the effect of NMP on complex IV, NOS, and APP.
Production of Nitrate兾Nitrite as a Measure for NOS Activity. The level

of nitrate兾nitrite produced by the cells was measured in the
medium by Griess Reagents by using a nitrate兾nitrite colorimetric assay kit from Alexis Biochemicals (Carlsbad, CA).

Quantification of Cellular Metal Content. Iron and zinc content was
determined by inductively coupled plasma spectrometry (IRIS
5900, Thermo Elemental, Franklin, MA) by using the protocol
from a previous report (30). Metal content was expressed as
average values from two to five wavelengths per sample with
each sample run in triplicate. Values were normalized to cell
number determined in triplicate by using a Z2 Coulter Counter
(Beckman Coulter).
Induction of Cell Differentiation in Neuroblastoma and Proliferation
in Astrocytoma. Differentiation of SHSY5Y was induced by

DMEM ⫹ 50 ng兾ml nerve growth factor and thymidine (31).
Differentiation is completed within 2–3 h and evaluated by the
axon growth out of the cell body (13). Undifferentiated SHSY5Y
cells, both heme-deficient and heme-sufficient, were maintained
in complete medium. U373 were induced to proliferate by
replacing week-old medium with a fresh medium, which is
supplemented with 10% or 20% serum, to induce proliferation
by the growth factors in the serum (32).

Fig. 1.
Heme deficiency selectively prevents assembly of cytochrome c
oxidase. Human neuroblastoma (SHSY5Y) and astrocytoma (U373) cells were
maintained for 6 days with a medium ⫾ 10 M NMP. After that the proteins
were separated by SDS兾PAGE (12%), Western blotted, and analyzed by monoclonal antibodies for subunit II of complex IV. The data presented are from one
representative experiment of at least three independent experiments. Con,
control; COXII, subunit II of complex IV.

Heme Deficiency Alters Endogenous APP. We examined the effect of

heme deficiency on APP. Monomeric APP decreases in brain
cells after 5 days of heme deficiency to ⬇50% of the controls,
whereas a dimeric and higher molecular mass species (ⱖ200
kDa) appears as detected by antibody specific for APP (Fig. 2A).
APP in hippocampal primary neurons was similarly altered by
heme deficiency (Fig. 2B).
NOS Is Up-Regulated in Heme-Deficient Cells. Heme deficiency is

associated with an increase in the activity of NOS in SHSY5Y
(Fig. 3A) and U373 (Fig. 3B). The activity of NOS was determined by measuring the levels of nitrite and nitrate that were
released to the medium. The level of nitrite and nitrate are
normalized to the ability of the cells to reduce 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).
A similar increase in NOS activity was observed when the results
were normalized to protein (data not shown). Heme deficiency
also induced a similar increase in NOS activity in primary rat
hippocampal neurons (data not shown).
Kinetics of Loss of Complex IV, Alteration in APP, and Up-Regulation
of NOS in Response to Heme Deficiency. Substantial change to

complex IV, APP, and NOS occurs even at 12 h of heme
deficiency (Fig. 4, data from U373). The relative change of each
protein after 12 h as compared with the control was as follows:
complex IV 74% decrease, NOS 23% increase, and APP 40%
decrease. The decrease in APP was associated with formation of
aggregates that appeared as dimers and higher molecular weight
forms. Complex IV seems to be the most affected protein,

Statistical Analysis. Statistical analysis, using Student’s two-tailed
t test, ANOVA, or nonparametric Mann–Whitney test, was
performed with an INSTAT statistical analysis (Instat, San Diego)
or PRISM (GraphPad, San Diego). Significance was defined as
P ⬍ 0.05.

Results
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Complex IV Is Corrupted as Brain Cells Become Heme-Deficient. The

decline in mitochondrial subunit II (COXII) of complex IV was
used to assess the status of complex IV. Brain cells lose complex
IV after induction of heme deficiency by 10 M NMP (Fig. 1).
Similar results were demonstrated in human normal fibroblasts
(9). Heme deficiency also selectively decreases complex IV in rat
primary hippocampal neurons (data not shown). Although
heme-deficient neuroblastoma and astrocytoma cells exhibited
normal morphology with no sign of toxicity, the primary neurons
did not tolerate heme deficiency and died after 48 h (data not
shown).
14808 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.192585799

Fig. 2. Heme deficiency induces dimers and aggregates of APP in human
brain cells and in rat hippocampal primary neurons. (A) Human brain cells
(SHSY5Y and U373). (B) Rat hippocampal primary neurons. After induction of
heme deficiency (A, 10 M NMP for 6 days or B, different concentrations of
NMP) the cells were harvested, and proteins were separated on SDS兾PAGE,
Western blotted, and analyzed by specific antibody for APP. The bars label APP
aggregates. The data are from one of six independent experiments (human
brain cells) and three experiments of hippocampal primary neurons. MWM,
molecular weight markers.
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followed by induction of NOS and changes to APP. These trends
continued through the duration of heme deficiency.
Heme Deficiency Alters Metal Homeostasis in Astrocytoma (U373) but
Not in Neuroblastoma (SHSY5Y). A 1.6-fold increase in iron in U373
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cells was seen in response to 7 days of heme deficiency (Fig. 5A).
The level of iron in SHSY5Y was not influenced by heme
deficiency: heme-sufficient ⫽ 59.8 ⫾ 13.2 ng of iron per 5 ⫻ 106
cells; heme-deficient ⫽ 64 ⫾ 16.5 ng of iron per 5 ⫻ 106 cells
(mean ⫾ SEM, n ⫽ 3). Furthermore, zinc decreases by ⬇50% in
U373 (Fig. 5B), whereas the level of zinc in SHSY5Y was not
influenced by heme deficiency: heme-sufficient ⫽ 91 ⫾ 6.7 ng of
zinc per 5 ⫻ 106 cells; heme-deficient ⫽ 126 ⫾ 26.7 ng of zinc
per 5 ⫻ 106 cells (mean ⫾ SEM, n ⫽ 3). We measured the level
of iron in the concentrated NMP stock to rule out the possibility
that NMP adds iron to the cells, but no iron was detectable (data
not shown). We were not able to measure iron and zinc in
primary hippocampal neurons from rats because of limited cell
number.

Fig. 4. Complex IV is the first to decrease in heme-deficient human brain
cells. Heme deficiency was induced by incubation with 10 M NMP. The cells
were harvested and prepared for analysis at different intervals. The level of
COXII (subunit II of complex IV), NOS, and APP were evaluated by SDS兾PAGE
followed by Western blotting. The data are from one of three independent
experiments with U373 cells.
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Fig. 5. Heme deficiency increases iron and decreases zinc in human astrocytoma (U373). The level of intracellular iron (A) and zinc (B) in heme-deficient
cells was evaluated by inductively coupled plasma spectrometry and compared with heme-sufficient (control) cells maintained for 7 days in culture
conditions. The data are mean ⫾ SEM (n ⫽ 3). *, P ⬍ 0.05; **, P ⬍ 0.01. HS,
heme-sufficient (control); d, days.

Heme Deficiency Compromises Proliferation or Differentiation of
Astrocytoma (U373) or Neuroblastoma (SHSY5Y). The undifferenti-

ated cells, both heme-sufficient and -deficient, were maintained
in complete medium (Fig. 6 a and c). Differentiation of hemesufficient SHSY5Y was successfully completed by DMEM supplemented with 50 ng of nerve growth factor per ml and
thymidine (Fig. 6b). The differentiation became obvious after
3–4 h and the neurons remained viable for 3 days. Differenti-
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Fig. 3. Heme deficiency induces NOS1 in human brain cells. Heme deficiency
was induced by incubation with 10 M NMP for 6 days. The medium of
heme-deficient and control cells was tested for the level of nitrite兾nitrate as
a measure for NOS1 activity. The data of NOS activity were normalized to 1 OD
at 585 nm produced by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. (A) SHSY5Y. (B) U373. The data are a mean ⫾ SD of one
experiment of four. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.

Fig. 6. Heme deficiency compromises differentiation in human neuroblastoma. Heme deficiency was induced by incubation with 10 M NMP for 5 days.
The differentiation of SHSY5Y was induced by DMEM ⫹ 50 ng兾ml nerve
growth factor. Heme-sufficient (a) and heme-deficient (c) cells seemed completely normal before the differentiation. Heme-sufficient cells differentiated
to neurons (b) as expected within 3 h, whereas heme-deficient cells failed to
complete the differentiation, lost their axons, and died within 3– 4 h after
differentiation (d). Shown is one representative experiment of four.
PNAS 兩 November 12, 2002 兩 vol. 99 兩 no. 23 兩 14809

Fig. 7. Heme deficiency compromises proliferation in human astrocytoma.
Heme deficiency was induced as described in Fig. 6 in U373 cells. The cells were
induced to proliferate by replacing the week-old medium with fresh complete
medium. Heme-sufficient (a) and heme-deficient (c) cells seemed completely
normal before the old medium was replaced by the fresh medium. Hemesufficient cells were not affected by the fresh medium (b), whereas heme
deficiency impaired cellular response to serum in heme-deficient cells (d) and
the cells died within 7 h. Shown is one representative experiment of four.

ation of heme-deficient SHSY5Y failed as the axons degenerated
and all of the cells died within 24 h (Fig. 6d).
Serum is a source of growth factors that increase the number
of cells that enter the cell cycle. Resting heme-sufficient or
-deficient cells in a week-old medium seem normal with no signs
of stress or toxicity as evaluated by examining the external
morphology of the cells (Fig. 7 a and c). When the used medium
was replaced with fresh medium that contains 10% serum, all of
the heme-deficient cells died within 7 h (Fig. 7d), whereas the
heme-sufficient cells (Fig. 7b) were normal.
Discussion
Heme deficiency leads to impaired energy production by corrupting complex IV, apparently because of shortage in heme-a
(9), causing mitochondrial decay, oxidative stress, and oxidative
damage (9) (Fig. 1). Our research on metabolism of heme
suggests an association between inadequate levels of heme, loss
of mitochondrial quality, and the aging process, including neurodegeneration (Table 1). Thus, adequate levels of heme seem
to be essential for sustaining normal levels of complex IV, high
quality of mitochondria (9), and signaling pathways.

The metabolic events that initiate mitochondrial decay, neuronal death, and the neurodegeneration caused by AD (2, 33) are
unknown. Abnormal neuronal signal transduction pathways may
play a role in neurodegeneration (34). Additionally, oxidative
stress is likely to be an important factor during neurodegeneration (reviewed in ref. 35), yet the causes of any of these are still
not clear.
We find that components of some signal transduction pathways are altered during heme deficiency. Heme-deficient cells
make abnormal forms of APP (Fig. 2), which is processed to
amyloid-␤, a hallmark peptide in the pathology of AD (reviewed
in ref. 36). APP is a type 1 plasma membrane receptor and seems
to function in signal transduction pathways, neuronal differentiation, cell cycling, and metal homeostasis (37–40). The data
shown in this study clearly demonstrate that heme plays a role in
the cell biology of APP (Fig. 2), in metal homeostasis (Fig. 5),
and in the cell cycle and differentiation (Figs. 6 and 7). Dimers
and aggregates of APP and A␤1–42 (or A␤1–40) have been
demonstrated in brain cells (41, 42). APP dimers and aggregates
induced by heme deficiency are likely to be the abnormal forms
of APP.
Complex IV seems to be the most sensitive to heme deficiency
(Fig. 4), which leads to mitochondrial decay, suggesting the decay
of mitochondria triggers events that alter the cell biology of APP,
NOS, and neurons and astrocytes (Figs. 6 and 7). It is not clear
why APP aggregates in heme-deficient cells. Selective oxidative
damage to APP that creates dimers may be the mechanism,
although classic antioxidants (vitamin E and N-acetylcysteine)
could not prevent this aggregation (data not shown). APP
aggregates were detectable in the cell pellet even under reducing
conditions, suggesting that thiol-disulfides probably play little
role in this aggregation. APP is capable of binding copper and
iron in redox-active forms able to catalyze the Fenton reaction
(43, 44); iron was shown to increase in heme-deficient cells,
whereas intracellular zinc decreased (Fig. 5). Zinc is known for
its ability to block iron-mediated production of free radicals by
serving as antioxidant (45). Cross-linking of APP, mediated by
iron or copper, is a possible explanation for the dimers of APP.
Susceptibility of APP to oxidative damage has been demonstrated (46). Thus, heme deficiency would be a metabolic
disorder that initiates oxidative stress and may alter signal
transduction pathways.
Iron accumulates in cells (47), and a marked increase in zinc
and iron associated with extracellular plaques is found in AD
patients, suggesting a disruption of metal homeostasis (48).
Heme-deficient astrocytoma cells (and IMR90 cells, data not
shown) accumulate iron (Fig. 5A), probably in the mitochondria

Table 1. Similarity between the consequences of heme deficiency and normal
aging兾neurodegeneration
Factor in study

Heme deficiency

Complex IV
Iron
Oxidative stress
APP

Loss of complex IV (9)
Accumulation (Fig. 5A)
Increased (9)
Decreased and aggregates
appear (Fig. 2)
Increased (Fig. 3)
Disabled differentiation or
proliferation (Figs. 6 and 7)
Mitochondrial decline (9)
Corrupted (9)
Increased (9)
Decreased

NOS
Cell cycle and differentiation
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Metabolism
Metabolism of Ca2⫹
Ferrochelatase
Heme synthesis

Aging兾neurodegeneration
Loss of complex IV (1)
Accumulation (6)
Increased (5)
Dimer or aggregate (41)
Increased (55)
Loss of axons; neuronal death (5)
Hypometabolism (3, 4)
Corrupted (34)
Increased in senescent cells (9)*
Decreased with age (7)†

*Not determined in vivo.
†Not determined in the aging brain.
14810 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.192585799
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Proliferation or differentiation of cells depends on functional mitochondria and on a normal signal-transduction network. Because heme-deficient brain cells selectively lose complex IV (9) and have altered APP (Fig. 2), we investigated its
consequences on cell division and neuronal differentiation.
Heme-deficient SHSY5Y cells failed to differentiate and their
axons degenerate, whereas heme-deficient U373 failed to
proliferate. The signaling pathways in heme-deficient cells may
be corrupted as a result of compromised HRM-dependent
factors, APP, and decayed mitochondria. This hypothesis may
partially explain the failed completion of proliferation or
differentiation and suggests that the role of intracellular heme
may be more complex than simply for cytochrome activity.
Heme deficiency could inf luence HRM-dependent factors,
where the level of ‘‘free protoheme’’ could serve as a signaling
molecule, produced by mitochondria and exported to the
cytosol signaling for normal function of the mitochondria. The
low levels of ‘‘free protoheme’’ induced by inhibition with
NMP would compromise HRM-dependent factors, and may
serve to communicate to the nuclei about dysfunctional mitochondria. Our search for HRM-containing proteins also
revealed that BTEB1, a transcription factor activated by
growth factors (56), possesses three potential HRMs.
The consequences of heme deficiency on NOS, APP, complex IV, and iron and zinc homeostasis suggests that adequate
levels of heme are essential for proper function of these
proteins, and mitochondria could play a major role by maintaining an optimal supply of heme. APP also seems to bind and
modulate the activity of heme oxygenase in the endoplasmic
reticulum (57), which may be one mechanism to regulate the
intracellular level of heme. Heme, or a heme-related component, seems to play a role in the physiology of AD because it
inhibits the muscarinic acetylcholine receptor (58). In addition, HasAh, a heme protein (59), has been colocalized with
senile plaques. Neuroglobin, a heme protein in mammals,
protects neurons after ischemia兾reperfusion injury (60), and
seems to play a role in AD (M. A. Smith, personal communication). Future research should elucidate the contribution of
protoheme in these observations.
Several physiologically relevant factors seem to inf luence
heme synthesis and thus drive age-related decay of mitochondria. These are aging, deficiency for specific micronutrients,
and exposure to exogenous toxic metals. In addition, degradation of heme by heme oxygenase, which increased with age
and in the brains of AD patients (61), may be a factor
contributing to changes in the metabolism of iron and heme
with age. Deficiency in mitochondrial heme synthesis could
initiate the metabolic changes of the brain during aging and
neurodegeneration. The metabolism of heme and specifically
heme-a remain unexplored topics especially in the aging brain
and deserve greater attention.
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because corruption of heme synthesis causes iron to accumulate
in this organelle (reviewed in ref. 8). Iron accumulation and a
decrease in intracellular zinc in the brain and other tissues is also
a feature of aging and age-associated neurodegeneration (49).
Zinc supplementation has been reported to improve the cognition of AD patients (50). To understand the mechanisms leading
to the loss of iron homeostasis with age, changes in the biochemical pathways that assimilate iron to heme or to iron–sulfur
clusters should be studied (discussed in ref. 8). In most of the
disorders or mutations that affect the synthesis of heme, or
iron–sulfur clusters, iron homeostasis is lost and iron subsequently accumulates in the mitochondria, emphasizing the role
of mitochondria in intracellular iron homeostasis (8, 51). The
primary causes for defective iron homeostasis with age and for
its consequences on zinc homeostasis are still obscure. Reduced
bioavailability of intracellular iron for heme synthesis may
contribute to the loss of iron homeostasis, which may result in
iron accumulation with age. In addition, iron acquisition by the
cells is increased by oxidants that activate iron-regulatory protein 1 (IRP1) (52) and by low heme, which stabilizes IRP2 (53);
both may contribute to increased iron influx to the cells through
the normal mechanism of iron uptake. Two other inhibitors of
heme synthesis, succinylacetone and isoniazid, stimulate iron
uptake through the transferrin receptor (54). In our model of
heme deficiency, iron is the last parameter to change, which is
consistent with the hypothesis that alteration in heme metabolism is the driving force for iron to accumulate in the cell.
Heme deficiency induces NOS (a heme protein) 2- to 3-fold
in neuronal cells and 7-fold in astrocytes. As a result, high
levels of nitrate兾nitrites were found in the medium, suggesting
elevated production of reactive nitrogen species consistent
with the oxidative stress demonstrated (9). Nitrotyrosine
accumulates in brain proteins in an age-associated manner and
during neurodegeneration (55). Among the heme proteins
studied, only complex IV and NOS levels were changed in
heme deficiency, yet as complex IV decreases, NOS increases.
The unexpected increase in NOS and production of nitric
oxide (NO•) may ref lect an increase of the cytosolic Ca2⫹,
which is associated with up-regulation of NOS, although other
mechanisms that drive up-regulation of NOS are possible. The
reduced level of complex IV increases the local concentration
of molecular oxygen in the cell, and leaves the mitochondrial
electron-transport chain more reduced, which would lead to an
increase in the ratios of NADH兾NAD and NADPH兾NADP in
the mitochondria as a result of the decrease in the activity of
mitochondrial electron-transport complexes. Thus, it could be
that NOS activity increases in heme-deficient cells as a physiological response to remove excess molecular oxygen and to
regenerate NAD兾NADP, because NOS uses NADPH as a
cofactor. Alternatively, increased production of NO• could be
an attempt of the cells to quench superoxide radical as
protective or signaling mechanism. A role for mitochondrial
NOS in the increase in NO• production in heme-deficient cells
is possible. The opposing changes in NOS and complex IV
could also result from the fact that NOS (a heme protein)
consumes heme and out-competes the capacity of the heme-a
maturation pathway (9), leaving the cells with a shortage for
heme-a and complex IV, although the physiological advantages are unclear.
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